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I. INTRODUCTION 
A. Introductory Background - Literature Review 
Most analyses done in power systems use one-phase (1-*) network 
representation. This assumes a balanced 3-0 network operated with 
balanced 3-^  generation and loads. In practice, a balanced network is 
obtained by transposition of transmission lines. This makes possible 
the treatment of many 3-$ network problems on a 1-^  basis with the use 
of symmetrical components [1,2,3]. 
In general, however, such an assumption is not always realistic. 
In practice, it is neither feasible to balance the load completely nor 
achieve perfectly balanced transmission impedances. Untransposed high 
voltage-lines and lines sharing the same right of way for considerable 
distances cause unbalances in the transmission line impedances. 
As extra-high voltage lines increase and dominate the transmission 
network, the unbalanced effects of these untransposed lines have to be 
carefully analyzed. In this type of network, voltages and currents are 
unbalanced during normal operation [4,5]. Unbalanced loads that may 
exist in the system would contribute even more to these unbalances. If 
the unbalance is small, its effect on the overall network may be 
relatively unimportant, but its effect on components of the network may 
be serious. One example is the heating in synchronous machines 
resulting from negative sequence currents in the armature. Unbalanced 
3-0 stator currents cause double-system-frequency currents to be induced 
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in the rotor iron. These currents will quickly cause rotor overheating 
and serious damage if the generator is permitted to continue operating 
with such an unbalance [6]. Another example is the unpredictable 
current distribution which may cause incorrect protective relay 
operation. Hesse [7,8] has pointed out that I^ R losses due to zero-
sequence circulating current in double-circuit lines could be high 
enough to justify line transposition. He also pointed to the importance 
of thoroughly investigating the influence of circulating currents on 
relay settings. Misoperation of ground overcurrent relays caused by 
zero-sequence currents have been reported in practice. Rusche and Bahl 
[9] reported the tripping of a 345-kV double-circuit line in Consumers 
Power Company transmission system at about 50% of the 2000 Â circuit 
thermal rating. With such operating problems being common in the power 
system, it seems advisable to check the significance of unbalances 
whenever new untransposed EHV lines are added or whenever unbalanced 
loads are expected. 
Transient or traveling wave phenomena play an important role in 
power system networks. They are caused by lighting discharges, 
switching operations and faults. Transient overvoItages arising from 
switching operations have been one of the controlling factors in the 
design of EHV air-insulated structures [10,11]. The improvements in EHV 
power circuit breakers have been carried out by many researchers over 
the years [12,13,14]. With these improvements, overvoItages caused by 
energization or re-energization of lines can now be made so low that the 
3 
limiting factor determining how much the line insulation may be reduced 
might be determined by the overvoltage produced by single-line-to-ground 
fault [15,16]. Kimbark and Legate [15] concluded that a line-to-ground 
fault can produce an overvoltage on an unfaulted phase as high as 2.1 
times normal line-to-ground crest voltage on a 3-$ line. 
The transient overvoltage occurring in an unbalanced power system 
may not be the same as the overvoltage occurring in a balanced system. 
Ignoring the system unbalances in network transient analyses, therefore, 
could lead to an incorrect estimate of overvoltages and may result in a 
poor line insulation design. 
B. Problem Formulation 
The use of long-distance transmission and the presence of 
unbalanced loads motivated the development of analytical techniques for 
the assessment of power-system unbalance. Early techniques [7,8,17] 
were restricted to the case of isolated unbalanced lines operated from 
known terminal conditions. However, a realistic assessment of the 
unbalanced operation of an interconnected system, including the 
influence of any significant load unbalance, requires the use of 3-0 
load-flow algorithms [5,18,19,20]. 
Literature search reveals that most work in this area to date has 
been mainly in development of programs rather than analysis of systems. 
To assess the impact of system unbalances it is necessary to study in 
detail the full 3-0 representation of the transmission network and the 
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load. Based on these analyses, comparisons between balanced and 
unbalanced conditions may be conducted. 
The effect of an untransposed transmission line on electromagnetic 
transients has been studied by many authors [10,21]. They all 
concluded that a completely untransposed line could be approximated by a 
continuously transposed line. The system used in these studies, 
however, consists of an isolated untransposed transmission line operated 
from known terminal conditions. In this case, the overall effect of 
network and loads as well as their possible unbalances are ignored. 
This, therefore, may not represent an actual situation. In order to 
investigate the effect of transmission system unbalances on the 
electromagnetic transients, it would be necessary to study the full 3-$ 
representation of the system. Currently, initial conditions obtained 
from balanced 3-* networks are used in various network transient 
studies. The accuracy of using such initial condition assumptions 
should be evaluated to determine the significance of error that they may 
introduce in the solution. 
For the steady state, the need for a full 3-0 load flow analysis 
depends primarily on the degree of system unbalances. These unbalances 
may or may not be significant. At any rate, the stage at which 
unbalances become significant is not known prior to the study. This 
would indicate that full 3-0 load flow analysis may not be necessary for 
all unbalanced systems. Furthermore, due to the iterative nature of 3-* 
load flow programs, it would not be feasible to run such programs merely 
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to obtain the degree of unbalances. Therefore, it would rather be 
appropriate to adopt an alternative non-iterative, quick, and easy-to-
use method to give a good estimate of unbalances. Development of such a 
technique is one of the objectives of this dissertation. 
C. Research Objectives 
It is the intent of this dissertation to analyze and determine the 
impact of transmission system unbalances in power system analysis. The 
specific objectives of this research may be summarized as follows: 
1. Determination of the effects of untransposed transmission 
lines and unbalanced loads on the steady-state load flow 
analysis. 
2. Determination of the effects of untransposed transmission 
lines and unbalanced loads on the transient overvoltages due 
to fault surges. 
3. Development of a non-iterative system reduction technique as 
an alternative to the three-phase load flow program to be 
used in unbalanced steady-state analysis. 
This study will enable a utility to decide when a full three-phase 
representation is required in power system analysis. 
D. Research Outline 
The purpose of this work is to investigate the effects of 
untransposed transmission lines and unbalanced loads on the accuracy of 
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the 3-0 balanced representation that is normally used in power system 
analysis. The steady-state analysis is focused on the errors that are 
introduced by the utilization of this balanced representation. These 
errors in turn may introduce errors in the transient analysis. 
Therefore, the behavior of the system in the transient state due to 
these errors also will be investigated. 
This work is divided into six chapters and two appendices. Whereas 
the first chapter deals with an introduction and formulation of the 
problem, the second chapter is devoted to the analysis of 3-$ unbalanced 
systems in the steady state. Sensitivity of unbalances to the length 
of untransposed lines and to system loading conditions is analyzed, and 
the power coupling phenomena that exist in unbalanced systems are 
discussed. In addition, a non-iterative system reduction method to 
estimate the degree of system unbalances is presented. 
Chapter III presents some numerical results using the 3-0 load-flow 
program (described in Appendix I) to illustrate the effects of system 
unbalances under various steady-state unbalanced conditions. 
Furthermore, this chapter shows the effect of changes in the length of 
untr anspos ed lines and system loading on unbalances and also the effect 
of the power coupling phenomena. Finally, the application and 
compatibility of the newly developed system reduction method are 
discussed and some numerical examples are given. 
Chapter IV deals with the analysis of the impact of unbalanced load 
and untransposed lines on electromagnetic transients. 
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Chapter V includes results of the transient analyses using the 
Electromagnetic Transient Program (EMTP). This program is described in 
Appendix I. The effects of untransposed transmission lines and 
unbalanced loads on transient overvoltages due to fault clearing is 
presented and the accuracy of using balanced initial conditions in 
network transient analysis is evaluated. 
The last chapter, devoted to conclusions, discusses the principal 
contributions of this dissertation. 
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II. STEADY-STATE THREE-PHASE UNBALANCE ANALYSIS 
A. Introduction 
Under normal conditions, electrical transmission systems operate in 
their steady-state mode and the basic calculation required to determine 
the characteristics of this state is termed the load flow (or power 
flow). 
Load flow is the study conducted to determine the steady operating 
conditions in a system and is the most frequently carried out study by a 
utility. Much work has been done in this area, and multitudes of 
computer programs have been written to solve such a problem. Most past 
approaches were for balanced 3-$ network operated with balanced 3-^  
generation and loads. A balanced 3-$ network is assumed so that the 
transmission network is represented by its positive sequence network. 
Tha elements of the network are therefore not mutually coupled; 3-* 
loads are assumed to be completely balanced, and 1-0 loads can be 
treated as sustained 1-0 faults (in short circuit studies). 
In studies when more detailed steady-state analysis of a power 
system is desired, the system should be represented as a full 3-0 
network. Mutual couplings between parallel transmission lines and load 
unbalances should be considered in the analysis. Steady-state solution 
of the 3-0 unbalanced system may be obtained from 3-0 load-flow 
programs. 
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The assumption of balanced 3-$ representation being unrealistic and 
problems associated with unbalances are well described in Chapter I. 
Every unbalanced element, be it an untransposed line or an 
unbalanced load, if added to the system, would contribute some 
unbalances to the system. This newly added unbalance may have an 
addition or a cancellation effect which cannot be readily known. In 
other words, by merely knowing the imbalance degree of the element, one 
cannot estimate its effect on the system simply by inspection. 
Therefore, to determine the effect of unbalances, the 3-$ representation 
of the system as a whole should be considered in the analysis. It would 
be rather interesting, however, to find a correlation between the 
unbalances and changes in the system, namely, changes in the 
transmission network and system loading. 
In this chapter, the sensitivity of network unbalances to the 
system parameters, namely, the length of untransposed lines and system 
loading will be analyzed, unbalances due to unbalanced load will be 
studied, and the power coupling phenomena that exist in unbalanced 
systems will be discussed. 
In addition, a non-iterative method to estimate the degree of 
system unbalances will be introduced that can be used as an alternative 
to 3-$ load-flow programs. 
Unless otherwise specified, matrix notations in the symmmetrical 
components frame of reference will be used throughout this dissertation 
to represent the system elements, voltages, and currents. 
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B. Effects of Three-Phase Transmission System Unbalance 
The primary concern about system unbalances in this study is their 
possible effects on system components and the relays protecting these 
components. A review of protection schemes and their criteria is 
necessary to investigate the effects of system unbalances. The 
components of interest are: generators, power transformers, and 
transmission lines. 
1. Protection of generators against negative sequence currents 
Extensive studies have shown that, in the majority of cases, the 
negative sequence current relay will properly coordinate with other 
system-relaying equipment [22,23]. 
The fact that the system-relaying equipment will generally operate 
first might lead to the conclusion that, with modem protective 
equipments, protection against unbalanced 3-0 currents during short 
circuits is not required [24,25]. This conclusion might be reached also 
from the fact that there has been no great demand for improvement of the 
existing forms of protection [6]. Back-up relaying, however, is mainly 
set to operate for short-circuit currents and not for current unbalances 
which are caused by system unbalances; as a result, back-up relaying 
will not operate for these types of imbalance. 
Standards have been established for operation of generators with 
unbalanced stator current [26,27]. The criteria imposed on generators' 
continuous current unbalance used in this study are 5% or 10% of rated 
stator current depending on the type and rating of the machine. 
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It can be shown that the generator rated current Ig in per unit 
Ampere (puA) is 
Ig=(MVAg/BMVA)(KVB/KVG) 
where 
MVAg = generator rated MVA 
BMVA = system base MVA 
KVB = system base voltage, kV line-to-line 
KVG = generator rated voltage, kV line-to-line 
therefore, the maximum allowable negative sequence current induced in 
the generator in puA for a system base of 100 MVA would be 
= (.05/100)(KVB/KVG)MVAg puA for 5% limitation (2.1) 
or 
= (.10/100)(KVB/KVG)MVAg puA for 10% limitation (2.2) 
Equations (2.1) and (2.2) for different values of MVAg are plotted in 
Figure 1. Thus, knowing the generator type and its ratings, the 
criteria imposed on the negative sequence current in puA can be obtained 
from Figure 1. 
2. Power transformer protection schemes 
Power transformers and power autotransformers are protected against 
short-circuits by percentage differential relays that must satisfy the 
following basic requirements [6,28]: 
12 
GEN. 12 LIMITATION 
57. LIMITATION 
10% LIMITATION / 
CM 
Œ 
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GEN. MVA RATINGS (xio^ ) 
FIGURE 1. Relation between generator MVA ratings and maximum allowable 
negative-sequence current 
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1. The differential relay must not operate for load or external 
faults. 
2. The relay must operate for severe enough internal faults. 
Current transformers (CT) on the wye side is connected in delta to 
prevent zero sequence current (I^ ) from flowing in the relay operating 
coil which would otherwise cause the relay to operate undesirably for 
external ground faults. Â delta CT connection circulates the 1^  inside 
the delta and therefore keeps it out of the external connections to the 
relay. This, of course, does not mean that the differential relay 
cannot operate for a single-line to ground (SLG) fault in the 
transformer; the relay will not receive but it will receive and 
operate on the positive and negative sequence components of the fault 
current (I^  and I^ ). CT*s are sometimes connected in wye on the wye 
side of the transformer and ija delta on the delta side, but this is done 
under the condition that a zero-sequence-current shunt is used, which 
keeps the out of external secondary of wye-connected CT's [6,28]. 
IQ, due to system unbalances, therefore, cannot be detected by the 
transformer differential relay, mainly because the and components 
of the unbalanced current are well below the magnitude of the short-
circuit and I^ . As a result, unbalanced currents, due to system 
unbalances alone, cannot be detected by the transformer differential 
relays, and relay misoperation should not be of concern. However, a 
differentially protected transformer bank should have inverse-time 
overcurrent relays, preferably energized from CT's other than those 
14 
associated with differential relays, to trip fault-side breakers when 
external faults persist for too long a time [6]. Therefore, an 
unbalance analysis may be required, in this case, to determine the 
degree of unbalanced currents to ensure normal operation of the back-up 
overcurrent relays. 
No standards currently exist for the transformer continuous 
unbalance requirements. 
3. Transmission line protection against ground currents 
In transmission line relaying applications, transmission system 
unbalances normally are ignored and relaying criteria are mainly based 
on the results of a short-circuit study. Among ground relays, the two 
most common in practice are: the ground overcurrent relay and the 
ground distance relay. 
a. Ground overcurrent relays Overcurrent relays, in general, 
achieve selectivity on the basis of current magnitude. A minimum 
setting of about 200 A is normally selected, mainly because system 
unbalances are ignored. In this case, relay misoperation due to 
excessive ground current CIq) is likely and unbalance analysis, 
therefore, is required to ensure normal operation of relays. 
b. Ground distance relays Distance relays achieve selectivity 
on the basis of impedance rather than current magnitude. Relays do not 
operate unless the impedance seen by the relay is reduced significantly, 
and this can happen only during short circuits. In other words, IQ due 
to system unbalances cannot force the relay to operate; therefore, for 
this type of protection, unbalance analysis will not be necessary. 
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A current magnitude of 1.0 puA (167.0 A in a 345 kV system) is 
used in this study as a criteria limit on the zero-sequence component of 
the unbalanced line currents. 
C. Sensitivity of Network Unbalances to the Length of Untransposed 
Transmission Line and the System Loading 
To obtain a relation between the network imbalances and the length 
of untransposed lines, a simple two-bus system shown in Figure 2 is 
considered. 
1  ^ V 
Y/L 
FIGURE 2. Two-bus system 
This system consists of a source, a transmission line, and a load 
represented by constant admittances to ground. The only unbalanced 
element in this case is the line which is represented untransposed. 
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The following symmetrical component variables are used: 
I = current at the sending end of the line, puA 
y = line series admittance matrix, (half of the total shunt admittance) 
puMhos-mile 
= line shunt admittance matrix, puMhos/mile 
= equivalent admittance matrix of the load, puMhos 
V^ ,V = voltages at the sending end and the receiving end of the 
line, respectively, per unit Volt (puV) 
L = length of the line, mile 
The current at the sending end of the line is 
I = LY^ Vg + (Y/L)(Vg-V) (2.3) 
and the voltage at the receiving end is 
V = (LY^  + Y^  + Y/L)'^ (Y/L)Vg (2.4) 
Substituting (2.4) in (2.3) yields 
I = (LY^  + Y/L)Vg - (Y/L)(LY^  + Y^  + Y/L)(Y/L)(2.5) 
The dependence of I on L can best be described by writing 
I = LY V + LY V + YJV (2.6) 
c s c L 
Although V as shown in (2.4) depends on many parameters, considering the 
no load case (Y^ =0), (2.4) would become 
V = (LY^  + Y/L)"^ (Y/L)Vg (2.7) 
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and since Y usually dominates Y^ , (2.7) can be approximated by 
V = Vg 
and (2.6) becomes 
I = 2LY^ V^  (2.8) 
An equation of type (2.8) does not include the equivalent load 
admittances but it clearly shows that the sequence components of the 
line current (1^  and I^ ) increase as line length increases. Returning 
to (2.5), using typical 345 kV line parameter and assuming 
puV 
with a 3-^  load of 90+j60 MVA, the relationship between 1^  or and 
various lengths of the line is obtained and is shown in Figure 3. This 
example was provided here, mainly, to show that unbalances increase with 
the length of the untransposed line even when the load is not neglected. 
This could not have been readily shown by inspecting equation (2.5). 
To find a correlation between the system loading and unbalances, 
the two-bus system shown in Figure 2 is considered except, in this case, 
system loading rather than the length of the transmission line is 
varying. 
Vs = 
0 . 0  
1.0/_0.0 
0 . 0  
ZERO SEQ. CURRENT. 10 X 
NEG. SEQ. CURRENT. 12 f 
Œ (Da 
UJ 
OCo 
CC* 
s°-
UJ 
z 
_lo 
10. 00 8. 00 6. 00 :] 4.00 , 
LINE LENGTH 
2 .00  0. 00 
FIGURE 3. Relation between zero-sequence and negative-sequence 
components of unbalanced current with the length of 
untransposed transmission line 
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Equation (2.5) gives a relation between the current I and thé 
equivalent load admittances with L maintained constant. The first part 
of (2.5) therefore remains constant whereas the second part depends on 
and decreases as load increases since increases. That is, with 
the first part being constant, each time the load increases, a smaller 
quantity will be subtracted from the first part and, as a result, the 
current I will increase. 
Using the same line parameters chosen earlier, with L=50 miles, the 
relationship between 1^  or and various loadings is determined and is 
shown in Figure 4. It must be pointed out here that the power factor of 
the loads considered in this case is not the same as the load power 
factor in the previous case; therefore, one should not anticipate any 
correlation between and 4. 
It is clear from Figures 3 and 4, however, that unbalances are 
sensitive to changes in both the length of the untransposed line and in 
the system loading. The way that unbalances change and how much they 
change depends on network configuration and system loading. For a fixed 
network configuration, it appears from these analyses that the maximum 
degree of unbalance would exist when system loading is maximum. 
In the literature, it is common to refer to current unbalances with 
unbalance factors. Caution should be warranted when using these 
factors. 
Current unbalance factors, by definition, are the ratio of the 
zero-sequence and negative-sequence components of the unbalanced current 
ZERO SEQ. CURRENT. 10 X 
NEG. SEQ. CURRENT, 12 f 
o 
a 
Z 
o 
UJ 
_Jo 
d 
20. 00 16. 00 4.00 12.00 8 .00  
LOAD MVA 
0. 00 
FIGURE 4. Relation between zero-sequence and negative-sequence 
components of unbalanced current with system loading 
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to the positive-sequence component of the current. In cases, when the 
positive-sequence current is very low (e.g., lightly loaded line), the 
unbalanced factors are relatively high. However, as the positive-
sequence current increases (as load increases), the factors will tend to 
decrease to relatively constant values. This is because zero-sequence 
and negative-sequence currents do not increase as rapidly as the 
positive sequence current. To demonstrate this, the percent zero-
sequence and negative-sequence unbalance factors of the unbalanced 
current used in obtaining the Figure 4 are determined and are shown in 
Figure 5. It is clear from this figure that current unbalance factors 
obtained at light loads (low positive-sequence current) are much bigger 
than those determined at higher loading. Thus, it would be more 
meaningful to refer to these factors when the current is near its rated 
value. At any rate, to avoid misusing of the current unbalance factors, 
it would be best if one referred to IQ and I^  in puA rather than in 
percentage of the positive-sequence current. 
D. Analyses of Unbalanced Loads 
It is rather obvious that unbalanced loads contribute some 
unbalances to the system. These unbalances vary in magnitude from 
insignificant to very significant depending on how unbalanced the load 
might be. 
In this section, unbalances due to unbalanced 3-0 loads and 1-# 
loads, based on some assumptions, are analyzed and discussed. 
ÛQ 
Z 
LU 
ÛC 
CC 
3§ 
d 
12.00 16. 00 20.00 8 .00  
LOAO MVfl 
0.00  4.00 
FIGURE 5. Relation between zero-sequence and negative-sequence 
unbalance factors with system loading 
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Consider an isolated 3-$ load with following real and reactive 
powers (P's and Q's): 
f + =1 
= P + Sj 
p^  = p + S3 
Q, = Q + TI 
Qb = Q + 
= Q + t3 
where 
P,Q = average active and reactive power per phase in MW and MVAR, 
respectively 
P^ ,Q^  = actual active and reactive power per phase in Mtf and MVAR, 
respectively, i=a,b,c 
s^ ,t^  = degree of load power unbalance in MW and MVAR, 
respectively, i=l,2,3 
Let us assume that 
+ Sg + Sg = 0 (2.9) 
ti + t2 + t3 = 0 (2.10) 
In other words, it is assumed that the total 3-$ power is constant and 
is equal to the total 3-<p power of the load as if it were balanced. As 
a result of this assumption, P and Q can be written as 
P = (Pg + Pb + 
Q = (Qa Qb Qc)/3 
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In addition, it is assumed that 
iv*! = IVyl = iv^ l = V 
where 
|V^ 1 = phase i voltage at the load in puV, i=a,b,c 
The equivalent load admittances to ground are 
= (1/^ )(3P^ /BMVA - j3Q^ /BMVA) pu, i=a,b,c 
where 
BMVA = 3-$ base MVA 
The equivalent load admittance matrix in a,b,c frame of reference is 
then 
Y, . ^  = (3/V^ MVA) 
a,D,c 
0 0 
0 P+s^ -jQ-jt^  0 
0 0 P+s^ -jQ-jt^  
Using the similarity transformation , the equivalent load admittance 
matrix in the symmetrical components frame of reference can be written 
as 
0^,1.2 = 
which gives 
M^1 M^2 
0^,1,2 M^2 
_ ^ M1 M^2 
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where 
Yg = 3P - 3Q 
M^1 = + as3 - j(t^  + + atg) 
M^2 = + ^ 2 + ^ 2^ + *^ 3^) 
Now, by applying a balanced voltage across the load 
0,1,2 
0 . 0  
1.0/_0.0 
0 . 0  
puV 
the sequence currents in the load from 
I = Y V 
0,1,2 0^,1,2 "0,1,2 
would be 
Iq = Y^ /^BMVA puA 
I2 = Y^ /BMVA puA 
(2.11) 
(2.12) 
The sequence currents given by (2.11) and (2.12) would, then, 
approximate the maximum possible unbalance that is caused by the load. 
Using the criteria imposed on the sequence currents (given in 
section A), (2.11) and (2.12) can be written as 
(2.13) 
I2 = Y^ /^BMVA < (.05 or .10)1^  ^ puA (2.14) 
Iq = Y^ /^BMVA <1.0 puA 
where 
Igg = rated current of the smallest generator in the system 
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An unbalanced load with IQ and close to the limits given in 
(2.13) and (2.14) would require an unbalance analysis to ensure a safe 
and normal operation of the system. In a system with only one 
unbalanced load with insignificant degree of unbalances (obtained from 
(2.13) and (2.14)), unbalance analysis of the system may not be 
necessary. However, a combination of such unbalanced loads would 
require an unbalance analysis, since the unbalances due to each 
individual load may add and exceed the criteria limits. 
For a 1-$ load on phase a 
b^ = ^ c = Qb = Qc 
In order for (2.9) and (2.10) to hold, s's and t's can be written as 
t, = 2Q 
= -Q 
3^ = -Q 
and would then become 
M^1 = = 3P - j3Q MVA 
or 
Ig = 1% = (3P - j3Q)/BMVA puA (2.15) 
with s's and t's given in above, phase a power would be 
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P = 3P 
a 
Qa = 3Q 
and (2.15) can be written as 
Ig = 1% = (P^  - jQ^ )/BMVA puA (2.16) 
For 1-^  load on phase b, (2.16) becomes 
Iq = I2 = a^ (P^  - jQ^ )/BMVA puA (2.17) 
and for the 1-0 load on phase c 
IQ = I2 = a(P^  - jQ^ )/BMVA puA (2.18) 
(2.16)-(2.18) are all equal in magnitude, and can be written as 
|IQ1 = ll^ l = (Pi,2 + Qj^ )^^ /BMVA puA (2.19) 
where 
P^  ^and are single-phase P and Q in MW and MVAR, respectively. 
The sequence currents given by (2.19) represent the maximum 
possible imbalance that could be caused by a 1-$ load. 
Using the criteria imposed on IQ and I^ , (2.19) can be written as 
(P^ ^^  + Q^ ^^ )^ /BMVA < 1.0 puA (2.20) 
or 
(Pj^  ^+ Q^ ^^ )^ /BMVA < (.05 or .10)Igg puA (2.21) 
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Both conditions given in (2.20) and (2.21) must hold in order for 
the criteria to be satisfied. It should be mentioned that (2.19) is 
derived based on the assumption that the variations in the magnitude of 
phase voltages at the load are not significant. A large 1-0 load with 
relatively low power factor will cause a significant change in the 
magnitude of phase voltages, and therefore, the sequence currents 
obtained by (2.19) would not represent a very good estimate. 
At any rate, the purpose of (2.13), (2.14), (2.20), and (2.21) are 
merely to estimate the possible degree of unbalances that could be 
caused by unbalanced loads to justify a 3-$ analysis of the system. 
Caution should be warranted when a combination of unbalanced loads 
exist in the system. As was mentioned earlier, due to the principle of 
superposition, unbalances may add and exceed the criteria limits. In 
such cases, 3-$ analysis of the system may be justifiable. 
E. Power Coupling Phenomena 
An interesting problem has surfaced during this study. It was 
noted in many instances that the receiving end power in some phases of 
transmission lines in the system are somewhat higher than the sending 
end power, which would indicate that the power loss on that phase is 
negative. This is because some external powers are generated by the 
induced EMF's due to the mutual coupling effects between the phases of 
the line. These external powers are unbalanced when the induced voltage 
is unbalanced, thus causing some increase in the power at the receiving 
end of the line. 
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This can best be described by means of equations. For this 
purpose, consider an isolated 3-^  transmission line shown in Figure 6. 
© © 
I » la I 
FIGURE 6. An isolated 3-$ transmission line 
To simplify the equations, the effects of line chargings will be 
neglected. Let 
AVp = voltage drop in phase p 
Ip = phase p current 
Sg = Pg + jQ_ = total power at the sending end of phase p Op bp bp 
= Pjjp + jQgp = total power at the receiving end of phase p 
+ jQ^ p ~ total power loss in phase p 
Zpp = self series impedance of phase p 
Z = Z = mutual series impedance between phases p and q pq qp 
p,q = a,b,c 
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The voltage drop in each phase of the line may be written as 
^^ a = Zaa^ a + ^ ^^ b ^ a^c^ c 
^^ b ~ ^ah^ a b^b^ b ^ b^c^ c 
^^ c = Zac^ a + +Zcclc 
The total power loss in each phase is then 
'La = 
'Va' 
= + (ZabIb + Zac'cila* (2.22) 
* II 0^
 2 
(Zabia 
* 
'Lb = \^^ b 
II 0^
 
1 + + Zbclc)lb (2.23) 
'Lc = AV I * c c 1" + (ZacIa + Zbcib):c* (2.24) 
(2.22)-(2.24) indicate that the power loss in each phase consists of a 
self term and a mutual term contributed from the other phases. The 
total power at the receiving end may be written as 
PRp + jQgp = % + jOsp - + jQlp) (2.25) 
Due to this phenomena, either or both could be negative. 
In this case, as is shown by (2.25), the receiving end power would 
become larger than the sending end power. 
The total 3-0 power loss, however, is positive (both P and Q), 
whether or not the power loss in one or two of the phases is negative. 
This may be shown as follows: 
Total 3-0 loss can be written as 
S1I3* = 'Va* + 'Vb* + (2 26) 
Substituting (2.22)-(2.24) in (2.26) would yield 
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"*" a^b^ b^ a "*" a^b^ a^ b "*" a^c^ c^ a 
* * 
+ Zaclalc + Zbclclb + =60:5:0 (2':?) 
Assuming 
lb = l'bl/-S-
I = ii 1/JL 
then 
Vb' = 1:»! libl/-ï-=-Ê. 
Va' = l'ai lib'/ ° - ° 
From the phasor diagram shown in Figure 7, the following identities can 
be derived, 
Vb* + Va* = 2II3I ll^ jlcos (a - P) (2.28) 
Similarly, 
Vc" + Va" = 2|I^ | ll^ lcos (o - Ï) (2.29) 
I, +  I I *  = 2|I,  I | I  I c o s  ( p  -  y )  (2 . 3 0 )  
Substituting (2.28)-(2.30) in (2.27) gives 
:Ll3* = ^ aal:al^  + ZbblIbl'+Z.cl:.l' 
+ 2ZablIallIblG°s <« " 6) + 2Z^ JIJ II^ lcos (a - Ï) 
+ 2Z^ |^I^ |H^ lcos (B - ?) (2.31) 
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FIGURE 7. Phasor diagram to obtain the identity given in (2.28) 
Now, let us assume an extreme case of 
a - P = 180° 
and 
a - Y = 180° 
then 
P - y = 0 
and (2.31) becomes 
(2.32) 
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(2.32) is positive if the following condition holds 
Zaal'al^  + + 22^ ,11^ 111% > 
which normally is true. This indicates that the 3-$ active and reactive 
power losses are positive. 
Now, as a special case, assume that this line and every other 
element in the system are balanced. Then, the following are true: 
Sp -
p^q ~ ^  
la + lb + Ic = 0 
l lgJ = '^b' = '^c' = ^ 
p,q = a,b,c 
(2.22) can then be written as 
Similarly, (2.23) and (2.24) would become 
Slb = (=3 - (2 34) 
L^c= «S - Z„)|I|2 (2.35) 
(2.33)-(2.35) indicate that total power loss per phase of a 
balanced line in a balanced system are all positive and equal, as 
anticipated. 
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F. Â System Reduction Method to Estimate the Degree of System 
Unbalances 
In large power networks, when the unbalanced study area comprises 
only a portion of the system, this method can be adopted to reduce the 
unimportant part of the system and retain only the area that is of 
interest, as far as the unbalances are concerned. 
This method assumes all system elements, namely, transmission lines 
and loads outside the study area are balanced. Transmission lines, 
therefore, can be represented by decoupled series impedance and shunt 
impedance matrices in the symmetrical component frame of reference and 
loads by decoupled shunt impedance matrices also in the symmetrical 
component frame of reference. 
In addition, this method is capable of determining the unbalanced 
load flow solution in the reduced system, assuming constant admittance 
load representations. 
Model development 
a. Generator with its step-up transformer Generators are 
modeled in a way to be compatible with the 3-0 load-flow program model 
[4]. 
In this method, generator internal voltages are assumed to be 
balanced with constant magnitudes and angles that can be obtained from 
the results of 1-$ load-flow analysis. The assumption of constant 
angles indicates that the phase angle of the generator internal voltage 
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obtained in an unbalanced case does not differ appreciably from that 
obtained in a balanced case which is believed to be fairly reasonable. 
In regulated generators, regulation is assumed to be at generator 
terminal and the representation is shown in Figure 8. 
a 
H 
(a) 
0 
1 
2 JWA-
AAA 
-AAA 
(b) 
FIGURE 8. Representation of the regulated generator and its power 
transformer: (a) generator and its power transformer, 
(b) connection diagram 
The positive sequence bus of the internal generator bus is solidly 
connected to its respective low-voltage (LV) bus, as it is intended to 
hold its voltage and angle constant at the LV bus. The zero sequence 
connection is immaterial since there is no zero sequence path involved; 
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however, for purposes of simplicity, a solid connection between the 
generator internal bus and LV bus is assumed. The negative sequence bus 
of the internal generator bus is connected to that of its LV bus through 
the generator negative sequence impedance. G to L connection is 
represented by Z, 
h -
0 . 0  0 . 0  0 . 0  
0 . 0  0 . 0  0 . 0  
0.0 0.0 z  
m 2-1 
where 
Z^  = generator negative-sequence impedance 
To represent the generator step-up transformer (A-Y connected), the 
positive and negative sequence generator LV buses are connected to the 
respective high-voltage (HV) buses through transformer positive and 
negative sequence impedances. The zero sequence connection is open. L 
to H connection is represented by Z, 
h -
=  0 . 0  0 . 0  
0.0 Z 0.0 
1 
0.0 0.0 z^ 
2J 
where 
Z ,Z = positive-sequence and negative-sequence impedances of the 
1 2 
transformer 
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The zero sequence generator HV bus is connected to ground if the 
transformer is solidly grounded on its HV side. This is represented by 
Z, 
3^ = 
Z 0.0 0.0 
0 
0 . 0  «  0 . 0  
0 . 0  0 . 0  »  
where 
Z = zero-sequence impedance of the transformer 
0 
Representation of the reference generator is very identical to that 
of the regulated generator except that the positive sequence bus of the 
reference bus is solidly connected to its HV bus, as it is intended to 
hold its voltage and angle constant at the HV bus. This is because the 
HV bus of the reference generator is assumed to be the slack bus in the 
3-$ load-flow program. This representation is shown in Figure 9. The 
LR to HR connection is represented by Z^  
4^ = 
»  0 . 0  0 . 0  
0 . 0  0 . 0  0 . 0  
0.0 0.0 z_ 
In generators representations, used in this method, the LV bus of 
generators are omitted, and generators are represented by their internal 
and HV nodes. The regulated generator internal bus to its HV bus 
connection, therefore, can be represented by Z^  GH 
2GH = Zl + =2 
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(b) 
FIGURE 9. Representation of the reference generator and its power 
transformer: (a) generator and its power transformer, 
(b) connection diagram 
G^H " 0 . 0  
0 . 0  
0 . 0  
Z 
0 .0  
0 .0  
0.0 z  +z 
2^ °2 
This is shown in Figure 10. 
The reference generator internal bus to its HV bus connection also 
can be represented by an equivalent impedance matrix 
G^R-HR 1^ 4^ 
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FIGURE 10. Simplified representation of the regulated generator and its 
power transformer 
0 . 0  0 . 0  
0 . 0  0 . 0  0 . 0  
0.0 0.0 +Z 
t2 m^  ^
This representation is shown in Figure 11. 
b. Transmission lines Transmission lines are represented by 
their equivalent series impedance and shunt admittance matrices in the 
symmetrical component frame of reference. These matrices are obtained 
from the conductor parameter program [29] by using the actual line 
configuration data. 
Mutual couplings between the parallel lines are considered in this 
method. Since the system outside of the study area is assumed to be 
G^R-HR 
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G^R-HR 
FIGURE 11. Simplified representation of the reference generator and its 
power transformer 
balanced, mutual couplings therefore exist only in zero sequence 
impedances. In this case, first, the primitive impedance matrix for the 
zero sequence elements of the coupled lines is constructed, then 
inverted and included in the system Y-bus. 
Mutual couplings between the lines inside of the study area, on the 
other hand, involves all sequence series impedances. Mutual couplings 
between the shunt admittances are neglected since their effects are 
negligible. 
To represent the mutual couplings in the unbalanced study area, 
consider the two parallel lines shown in Figure 12. 
The voltage drops in the lines in matrix form are 
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P EM Q 
/77777777777777777777777777777777 
FIGURE 12. Two parallel lines above ground plane 
RS 
PQ 
R^S M^1 
M^2 ZpQ 
I RS 
PQ (2.36) 
where 
= self impedance matrix (3x3) of line RS 
Zjjj = mutual impedance matrix (3x3) between lines RS and PQ 
Zy2 = mutual impedance matrix (3x3) between lines PQ and RS 
ZpQ = self impedance matrix (3x3) of line PQ 
= voltage drop in line RS = - Vg 
VpQ = voltage drop in line PQ = Vp - Vq 
Ijjg = current in line RS 
IpQ = current in line PQ 
The inverted form of (2.36) can be written as 
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I RS 
_PQ 
Y Y 
RS Ml 
Y Y 
M2 PQ 
V RS 
PQ (2.37) 
Now, consider the two-port network shown in Figure 13. 
FIGURE 13. A two-port network 
The currents in the matrix form can be written as 
1^1 1^2 
2^1 2^2 (2.38) 
When there are no shunts 
:i = -:2 
Hence, let 
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RS 
PQ 
and 
I2 = -Il = 
SR 
QP 
1^ = 
2^ = 
Expanding (2.37) and substituting for I^ , V^ , and in (2.38) will 
give 
R P S Q 
\s| R M^1 "^ RS -?Ml" 
P^Q 
p 
"«2 P^Q -^ M2 •^ PQ 
S^R s "\s "\l \l 
jqp Q "^ M2 "^ PQ 
Y 
MUT 
YM2 1 
(2.39) 
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Thus, to take the mutual couplings into consideration, each element of 
the matrix in (2.39) which itself is a (3x3) matrix should be added 
to the corresponding element of the 3-0 system Y-bus (e.g., Y-bus (R,S) 
= Y-bus (R,S) - Yj^ , etc.). 
Loads To represent the balanced loads outside the study 
area, the equivalent circuit shown in Figure 14 is considered. 
P + jQ 
FIGURE 14. Load equivalent impedance to ground representation 
It should be realized that since 
the power per phase in pu is equal to the 3-^  power in pu. That is, 
p^u -^ u^'l^  ~ ^pu 
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Power dissipated in R and X are 
P = R|I|2 MW/phase 
and 
Q = X|I|2 MVAR/phase 
It can be shown that 
R = P|V^ |^ /(P^  + Q^ ) Ohms (2.40) 
and 
X = Q|VLj^ i^ /(P^  + Q^ ) Ohms (2.41) 
where 
Vj^  = line to neutral voltage at the load bus in kV 
(known from the 1-$ load flow solution) 
Let 
FACi = lVj^ |^ /(P^  + Q^ ) A"^  (2.42) 
(2.42) in puA would be 
FAC^  = BMVA2|Vp^ |2/(P2^ 2 + puA (2.43) 
where 
- three-phase P and Q at the load in MW and îlVàR, 
•iç 
respectively 
= Vjj^ /(system base voltage, kV line-to-neutral) 
From (2.40) and (2.41), the equivalent load impedance can be written as 
Z = R + jX = FAC^ 3(P + jQ)/BMVA pu 
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or in a more systematic way 
Z = FAC(P3^  + jQ;,) P" (2.44) 
where 
FAC = BMVâlVp^ l^ /CPj/ + Qj/) 
Equation (2.44) is incorporated in the computer program developed 
for this method. By simply entering the total 3-0 power in MVA and bus 
voltage in puV at the load, the program will compute the load 
equivalent impedance and no external computation thus will be necessary. 
To represent the loads (balanced or unbalanced) inside the study 
area, the equivalent circuit shown in Figure 15 is considered. 
FIGURE 15. Phase i equivalent load admittance to ground representation 
Let 
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+ jQ^  MVA/phase for i=a,b,c 
V = (IV^ I + IV^ I + lV^ l)/3 puV 
V in an unbalanced system, therefore, is assumed to be approximately the 
same as V obtained from a balanced 3-0 representation. 
The equivalent load G and B in each phase is 
Gi = 3P^ /(vSmVA) pu 
and = 3Q^ /(V^ BMVA) pu 
FACg = V^BMVA/3 
P^  and are expressed in MW and MVAR, respectively. 
Equation (2.45) is also incorporated in the program. By entering 
the per phase power (P in MW and Q in MVAR) and voltage magnitude in puV 
known from the results of 1-* load-flow analysis, the program will 
compute the equivalent load admittance to ground for each phase. 
d. Transformers The equivalent matrix Z2 is used to represent 
the A-A, A-Y, and Y-Y connected transformers. The equivalent matrix 
is used, in addition to Z^ , to represent the A-Y grounded and Y-Y 
grounded transformers. Y grounded-Y grounded transformers are 
represented by 
or 
G^  - jB. = (P. - jQ.)/FAC2 pu (2.45) 
where 
Zf. 0.0 0.0 * 
0 
Z t 0.0 Zt 0.0 1 
0.0 0.0 z  
t2j 
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Three-winding transformers, although not considered in this method, can 
be modeled using the equivalent star representation. 
2. General features of the FORTRAN computer program 
A general FORTRAN computer program has been developed for this 
method. The program user must number the nodes in sequence and grouped 
in the following order: 
I. Edge of study area nodes 
II. Inside of study area nodes 
III. Internal nodes of the generators inside of study area 
IV. Internal nodes of the generators outside of study area 
V. Outside of study area nodes 
The system reduced Y-bus is formed in 4 steps as shown in Figures 
16-19. Group III nodes are connected to group I nodes. 
In the first step, the three sequence Y-buses, namely, zero-
sequence, positive-sequence, and negative-sequence decoupled matrices 
are constructed leaving out all group II nodes and leaving out all 
connections to group II nodes. In the second step, the program Kron 
reduces these Y-buses individually by removing all group V nodes. In 
the third step, the three reduced Y-buses are combined and a 3-<t> Y-bus 
is formed. The 3-0 Y-bus is made up of 3x3 submatrices, each of which 
is an 0,1,2 matrix. Finally, in the fourth step, inside of study area 
nodes, group II, and all the elements connected to the group II nodes 
are added to the 3-0 Y-bus. Each element is represented by a 3x3 
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I III IV I 
I 
III 
IV 
V 
FIGURE 16. Structure of the zero-sequence, positive-sequence, and 
negative-sequence Y-buses before including group II, inside 
of study area nodes 
III IV 
I 
III 
IV 
FIGURE 17. Structure of the Kron reduced version of the three-sequence 
Y-buses 
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I II III IV 
I 
II 
III 
IV 
FIGURE 18. Structure of the 3-0 Y-bus after including inside of study 
area nodes 
matrix. At the end of this step, the 3-<j) symmetrical component y-bcs is 
complete, representing both the reduced equivalent of the outside of 
study area nodes and inside of study area with its unbalanced elements. 
Now, by applying the known positive sequence voltages at the 
internal nodes of the generators, the system equations can be solved to 
determine the unknown voltages. To do this, the matrix shown in Figure 
18 is divided into 4 submatrices Yl, Y2, Y3, and Y4. This is shown in 
Figure 19. 
The system equations can then be written as 
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I + II III + IV 
I + II 
III + IV 
FIGURE 19. Structure of the 3-0 Y-bus divided into four submatrices 
0 
1 1 1 1 
1 
I 
_ g-
1 
1 \ 
This will give 
0 = YiV 
or 
V = 
-?l' C2. 
where 
V = unknown voltage vector 
Vg = known voltage vector consisting of the internal nodes of 
the generators in order of III and IV 
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With voltages computed from (2.46), the line currents and power flows 
will then be computed by the program. 
This program can be used to reduce a system with up to 50 
generators, 100 buses, 300 elements (single-circuit lines, line 
chargings, shunts, loads, transformers, etc.), and 20 coupled 
transmission lines. The unbalanced voltages, line currents, and power 
flows will then be computed in the reduced system. The reduced system 
may consist of up to 30 buses, 65 elements, and 10 coupled lines. 
Efforts have been made to make the data preparation and data 
handling simple and to keep computation time to a minimum. For this 
purpose, a type number is assigned to each new element and therefore the 
element needs to be entered once in the data file. The value of element 
(impedance if the element is in the outside of study area or admittance 
matrix if the element is inside of study area) along with its type 
number will be stored ir. the memory. The value of the element, 
therefore, can be referenced later in the program by only referring to 
its type number. For instance, for transmission lines outside of study 
area, the series and shunt impedances for each line configuration 
entered in per unit Ohms/mile can be identified later in the program by 
its type numbers (two different type numbers should be assigned to 
series impedances and shunt admittances). 
In constructing the Y-buses, a line in the system thus can be 
identified by its type numbers, connecting node numbers, and the length 
of the line in miles. This would not only reduce errors involved in 
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data entering, it also makes data handling convenient, particularly, 
when dealing with the data inside the study area. 
As far as savings in computer time is concerned, since the program 
uses a Y-bus algorithm, there is no major inversion of matrices except 
in computing the voltages (see 2.46) and Kron reduction segment of the 
program. Taking advantage of sparse Y-bus matrices, the time involved 
in this procedure has been kept to a minimum. 
Listing of the FORTRAN program with sample input data formats are 
presented in Appendix II. 
54 
III. RESULTS OF THE STEADY-STATE ANALYSIS 
A. Introduction 
In order to demonstrate the significance of system unbalances, a 
hypothetical EHV test system will be studied under various unbalanced 
conditions. Although this is not an existing system, its components are 
chosen so they may represent a practical EHV transmission system. 
For this study, the full 3-0 representation of the system will be 
obtained and the 3-0 load-flow program will be used to determine the 3-0 
steady-state solutions. 
Furthermore, the impact of various system parameters, namely, the 
length of untransposed lines and the system loading on the unbalances 
will be evaluated, the criteria for unbalanced loads obtained in Chapter 
II will be examined, and the effect of power coupling on power flows 
will be demonstrated. 
Finally, comparisons between the 3-0 load-flow program and the 
newly developed system reduction method will be conducted to demonstrate 
the practical application of this method. 
B. Study of a 24-Bus EHV Test System 
A single line diagram of a hypothetical 24-bus EHV test system 
consisting of 6 generators, 9 loads, 25 single-circuit lines, 2 double-
circuit lines, along with their phase arrangements, is shown in Figure 
20. 
13 
REG13 
17 
HBUS2 
14 
REGIT^  ^
20 ( 1 ^  1 9  
LOADl ,t, 
a 4 
<$>' 
<î>' 
<D>: 
<&>' 
a 
B 165 mi. 
Icj 
[A B c] 80 mi. 
[a] 
B 330 mi. 
LCj 
a 
B 33 mi. 
[cj 
a C 
B B 165 mi. 
[c Aj 
16 
HBUSl 0AD2 yv LOADS REGIS 
L0AD9 
4 'T'". LOADll 
LOADS 
5 
22 
L0AD6 
6 
L0AD12 L0AD13 
LOADS L0AD7 
HBUS3 
L0AD14 
REGIS 
10 
Ln 
Ln 
FIGURE 20. 2A-Bus EHV test system 
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The full 3-(j) representation of the system with the mutual coupling 
between the parallel lines and the load unbalances is considered in this 
study. 
Four cases are considered in this analysis: 
1. Balanced network, balanced bus loading. 
2. Unbalanced network, balanced bus loading. 
3. Balanced network, unbalanced bus loading. 
4. Unbalanced network, unbalanced bus loading. 
The unbalanced network is obtained by leaving all transmission 
lines untransposed (see Figure 21, Table 1 for line configurations, and 
Table 2 for machine data). The line configurations for types C and D 
are similar to that for type A. 
9 V  A w 
W. 
c b K a 
a —Î 0 —r— 
•M 
/777777777777777777 /777777777777777777777 
(a) (b) 
FIGURE 21. Line configuration: (a) vertical single circuit and double 
circuit, (b) horizontal single circuit 
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TABLE 1. Transmission line dimensions in feet 
TYPE h d^  d^  d^  Conductor Static 
954 MCM 159 MCM 
36.33 25.5 24.5 26.34 19.33 26.83 20.33 12 ACSR ACSR 
tl 
Bundled 18 
Spacing 
2156 MCM Steel 
h " 
B 40.38 - - 35.45 -24.5 - 24.5 16.5 ACSR 7/16 
Twin 
954 MCM 159 MCM 
E^  36.33 25.5 24.5 26.34 19.33 26.83 20.33 12 ACSR ACSR 
tl 
Bundled 18 
Spacing 
 ^See Figure 21a. 
 ^See Figure 21b. 
The unbalanced loading network is obtained by representing the two 
3-$ loads a buses LOAD 11 and LOAD 13 unbalanced. This is done based on 
the assumption that total 3-$ system loading remains constant and equal 
to that in a balanced case (easel). 
The balanced operating conditions of the system used in the 
analysis are shown in Tables 3a and 3b. 
The unbalanced operating conditions are the same as the balanced 
conditions except for the unbalanced loading on buses LOAD11 and LOAD13. 
This is shown in Table 4. 
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TABLE 2. Machine data 
GENERATOR RATED KV RATED MVA GENERATOR 
REACTANCE, PU 
ON A 100-MVA BASE 
REG13 18 410 .0211 
REG17 18 200 .0211 
REG16 18 280 .0211 
REGIS 18 300 .0211 
REGIS 18 300 .0211 
REFN 18 1200 .0211 
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TABLE 3a. 24-Bus EHV test system balanced operating conditions: 
GENERATION 
DISPATCH TOTAL 3-i POWER 
GENERATOR VOLTAGE, KV MW 
REG13 345 360 
REG17 345 60 
REG16 345 160 
REGIS 345 200 
REG15 345 60 
REGR^  345 
REFN^  345 
 ^Swing Bus (1-f Load Flow Program). 
 ^Swing Bus (3-f Load Flow Program). 
The base quantities used in this study are: 
Base voltage = 345 kV 
Base MVA,^  = 100.0 MVA 3* 
Base MVA-. = 33.33 MVA 10 
Base current = 167.0 A 
The maximum unbalanced currents and voltages obtained for the four 
cases considered are given in Tables 5-7. As is shown in Table 5, the 
maximum voltage unbalance exists at bus L0AD13. This may be due to the 
fact that LOAD 13 is connected to 3 untransposed lines, two of which are 
relatively long (330.0 mi. each). 
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TABLE 3b. 24-Bus EHV test system balanced operating conditions: LOAD 
Phase a Phase b Phase c 
LOAD BUS MW MVAR MW MVAR Mtf MVAR 
L0AD2 0.0 30.0 0.0 30.0 0.0 30.0 
LOADS 30.0 10.0 30.0 10.0 30.0 10.0 
LOAD14 80.0 30.0 80.0 30.0 80.0 30.0 
LOAD? 40.0 30.0 40.0 30.0 40.0 30.0 
LOADS 60.0 40.0 60.0 40.0 60.0 40.0 
LOADS 30.0 20-0 30.0 20.0 30.0 20.0 
LOADll 50.0 30.0 50.0 30.0 50.0 30.0 
L0AD6 0.0 40.0 0.0 40.0 0.0 40.0 
L0AD12 80.0 35.0 80.0 35.0 80.0 35.0 
LOADll 50.0 30.0 50.0 30.0 50.0 30.0 
L0AD13 90.0 60.0 90.0 60.0 90.0 60.0 
TABLE 4. Unbalanced bus loading 
Phase a Phase b Phase c 
LOAD BUS MW MVAR MW MVAR MW MVAR 
LOADll 10 10 100 50 40 30 
L0AD13 20 10 120 80 130 90 
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In the case of an unbalanced network, maximum zero-sequence voltage 
as high as 2% and negative-sequence voltage as high as 3% of the 
positive-sequence voltage exists at LOAD13. These components increased 
to 20% and 12% of the positive-sequence voltage when the loads were 
unbalanced. Maximum zero sequence current due to untransposed 
transmission lines was found to be on the order of 0.1 puA on line 
L0AD14-L0AD13 (see Table 6). Although this much current unbalance does 
not appear to be significant, it should be realized that it does not 
represent the maximum zero sequence current that can exist in the 
system. In other words, based on the discussion given in section C of 
Chapter II, higher unbalances would have been obtained if system loading 
were higher. With loads being unbalanced, however, the magnitude of 
this current increased to 1.2 puA. This is of great interest as far as 
ground overcurrent relays are concerned. 
Table 7 shows the maximum generator current unbalance that turns 
out to occur at REFN generator. Negative sequence current as high as 
0.5 puA exists at this generator when all transmission lines are left 
untransposed. This current increased to 1.4 puA when two loads in the 
system (LOADll and LOAD13) were represented unbalanced. This is of 
great concern because of its effect on heating of the rotor. 
The point of presenting this example was to demonstrate the 
importance of full 3-$ representation in the steady-state analysis. In 
general, there is no simple way of determining the location and the 
degree of maximum unbalance in the system. The only possible way of 
obtaining this would be the 3-* analysis of the system that takes into 
account the overall effect of the transmission network and the load. 
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TABLE 5. Maximum voltage imbalance (at L0ÂD13) 
CASE NO. 0^,1,2' Va,b,c' 
1 
0.0 
1.082 / -11.1 
0.0 
1.082 / -11.1 
1.082 / -131.1 
1.082 /_108.9 
2 
0.0194 / 109.3 
1.081 / -11.1 
0.033 /_143.5 
1.043 / -9.41 
1.098 / -131.0 
1.103 /_107.3 
3 
0.212 / 20.3 
1.057 / -11.38 
0.136 /_28.3 
1.358 / -2.97 
0.894 / -133.5 
0.950/_98.6 
4 
0.208 / 27.1 
1.055 / -11.05 
0-122 / 43.0 
1.310/ -1.05 
0.912 / -133.2 
0.982 / 97.61 
In the next section, the sensitivity of the network unbalances to 
the variation in the length of untransposed lines and the system loading 
in the test system will be determined, and the significance of unbalances 
that can be caused by different types of unbalanced loads will be 
examined. In addition, some examples will be provided to demonstrate 
the effect of power coupling phenomena. 
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TABLE 6. Maximum line current: unbalance (line L0AD14-L0AD13) 
CASE NO. 
:o,l,2' 'a.b.C 
1 
0.0 
2.422 / 26.41 
0.0 
2.422 / 26.41 
2.422 / -93.6 
2.422 /_146.4 
2 
0.085 / -167.9 
2.424 / 26.51 
0.220/_-148.3 
2.123 / 26.5 
2.542 / -90.8 
2.613 /_143.9 
3 
1.200/122.7 
2.289 / 16.04 
1.490/_124.3 
2.957 / 76.0 
3.154 / -125.8 
2.824 /_106.6 
4 
1.210/ 127.8 
2.287 / 17.27 
1.509 / 133.93 
2.753 / 81.8 
3.191 / -121.5 
3.030/ 108.5 
C. Calculated Results 
1. Effect of the length of untransposed transmission line on network 
unbalances 
To determine the relation between the network unbalances and the 
length of transmission lines, the length of all the lines in Che neCsork 
was varied by -90% to 10% of the original lengths used in the base case 
(see Figure 20). 
For the system considered, an increase of more than 10% in the 
length of linsF would cause the 3-^  load-flow to diverge. This is 
because the reactive power required in the system could be supplied only 
by the generators since the system loading (including capacitive and 
reactive shunts) is kept unchanged throughout this study. 
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TABLE 7. Maximum generator current unbalance (at REFN) 
CASE NO. 
:o.i,2' :a,b,c' 
1 
0.0 
8.906 / 3.9 
0.0 
8.906 / 3.9 
8.906 / -116.1 
8.906 /_123.89 
2 
0,0 
8.919 / 4.0 
0.523 /_-124.5 
8.600/ 1.277 
8.741 / -112.81 
9.436 /_123.5 
3 
0.0 
8.679 / 0.0 
1.385 /_147.4 
7.549 / 5.67 
9.929 / -116.3 
8.726 /_110.87 
4 
0.0 
8.723 / 0.47 
1.484 / 168.9 
7.276 / 2.82 
9.772 / -113.0 
9.299 / 111.76 
The sequence components of the unbalanced currents induced in the 
generators are shown in Table 8. Five lines with the least and the most 
significant unbalanced currents were monitored. The sequence components 
of these line currents are shown in Table 9. The magnitude of I^ 's and 
I^ 's in Tables 8 and 9 is plotted and is shown in Figures 22-26. 
It is clear from Tables 8 and 9 and Figures 22-26 that unbalances 
increase in magnitude with the length of untransposed lines in the 
network. One may notice that the angle on the positive sequence 
component of the current changes by substantial amount, whereas other 
angles change very little. Although the proof of this is not presented 
here, however, it can easily be shown that the change in the angle of 
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TABLE 8. Sequence components of the unbalanced current at the 
generators (IQ ^  ^  puA) for various lengths of untransposed 
transmission lines in the network 
% .Increase in Lines Lengths 
-90 -50 0 10 
GENERATORS 
:o,l,2' 
REG13 
0.0 
3.617/ 
0.033/_ 
-31.0 
-162.3 
0.0 
3.611/ -17.6 
0.159/_-149.8 
0.0 
3.901/ 2.77 
0.329/_-139.0 
0.0 
4.011/ 6.7 
0.369/_-137.5 
REG17 
0.0 
0.850/ 
0.036/_ 
-74.5 
-115.0 
0.0 
0.612/ -41.6 
0.157/ -114.5 
0.0 
1.747/ 38.2 
0.349/ -115.8 
0.0 
2.173/ 42.0 
0.397/_-116.3 
REG16 
0.0 
1.658/ 
0.031/_ 
-43.8 
-105.6 
0.0 0.0 
1.604/ -26.4 2.740/ 21.8 
0.173/ -111.1 0.425/ -114.9 
0.0 
3.220/ 27.3 
0.491/_-115.9 
REG18 
0.0 
2.067/ 
0.034/_ 
-42.3 
-101.4 
0.0 
2.007/ -22.8 
0.151/_-106.3 
0.0 
2.869/ 173.0 
0.339/_-112.6 
0.0 
3.210/ 22.74 
0.387/_-113.9 
REGIS 
0.0 
0.817/ 
0.035/" 
-72.5 
-^101.4 
0.0 
0.602/ -27.8 
0.151/_-106.3 
0.0 
1.883/ 36.9 
0.339/_-112.6 
0.0 
2.288/ 39.9 
0.387/_-113.9 
REFN 
0.0 
9.845/ 
0.016/ 
-72.7 
[-132.4 
0.0 
7.300/ -32.7 
0.187/ -126.7 
0.0 
8.919/ 4.00 
0.523/ -124.5 
0.0 
9.677/ 9.831 
0.612/ -124.6 
the positive sequence current due to change in the length of 
untransposed lines is more significant than the change in other angles. 
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TABLE 9. Sequence components of the unbalanced line currents (I^ ^ 2 
puA) for various lengths of untransposed transmission lines in 
the network 
% Increase in Lines Lengths 
-90 -50 0 10 
LINES 
:o,l,2' 
L0AD14-L0AD13 
0.0086/ -157.3 
2.588/ -36.0 
0.014/ -141.3 
0.03/ -161.6 0.085/ -167.9 
2.142/ -11.8 2.424/ 26.5 
0.083/_-149.0 0.219/_-148.3 
0.107/ -171.0 
2.664/ 34.1 
0.258/_-148.8 
L0AD12-L0AD13 
0.0068/ -166.4 
0.239/ -10.6 
0.011/_-149.0 
0.034/ -177.1 0.083/ -179.7 
0.688/ 65.20 1.626/ 73.0 
0.066/_-152.0 0.168/2-151.5 
0.098/ 179.6 
1.865/ 73.5 
0.196/_-151.7 
HBUS3-L0AD14 
0.0090/ -28.90 
1.201/ -9.00 
0.010/_-178.0 
0.012/ -150.0 0.048/ -176.9 
1.177/ -0.67 1.520/ 38.1 
0.077/ -147.7 0.198/_-147.2 
0.062/ 179.3 
1.712/ 45.1 
0.23l/_-148.1 
L0AD5-L0AD12 
0.0048/ -154.5 
2.957/ -23.2 
0.012/_-148.2 
0.012/ 158.90 0.038/ 169.90 
2.732/ -6.77 2.848/ 19.0 
0.078/ -156.6 0.197/_-153.5 
0.052/ 170.2 
2.974/ 25.1 
0.229/_-153.7 
L0AD13-L0AD10 
0.0086/ -166.1 
0.378/ 179.7 
0.006/ -119.9 
0.034/ 178.40 0.080/ 176.50 
0.805/ 112.4 1.417/ 93.2 
0.040/ -150.4 0.103/ -153.9 
0.090/ 176.7 
1.563/ 90.4 
0.121/ -153.8 
2. Effect of system loading on network unbalances 
To determine the effect of system loading on the unbalances due to 
untransposed lines, system loading was increased from 0% to 60% of the 
original system loading used in the base case (see Table 10). In this 
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untransposed transmission lines 
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FIGURE 25. Relation between the negative-sequence component of the 
unbalanced line currents with variations in the length of 
untransposed transmission lines 
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FIGURE 26. Relation between the zero-sequence and negative-sequence 
components of the unbalanced line currents with variations 
in the length of untransposed transmission lines 
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case, also, an increase of more than 60% in system loading would cause 
the 3-$ load-flow program to diverge. The convergence problem may be 
solved by adding another generator to the system. Since this would 
change the base case, it was not performed. 
TABLE 10. Variations in system loading 
% Increase in System Loading 
0 10 30 50 60 
LOAD ACTIVE POWER/PHASE, MW 
L0AD3 60 66 78 90 96 
LOADS 30 33 39 45 48 
L0AD7 40 44 52 60 64 
LOADS 30 33 39 45 48 
LOADIO 60 66 78 90 96 
LOADll 50 55 65 75 80 
LOAD12 80 88 104 120 128 
LOAD13 90 99 117 135 144 
LOAD14 80 88 104 120 128 
The variations in system loading are shown in Table 10. To ensure 
convergence, only the active power of the loads were increased. As far 
as the system generation is concerned, a uniform increase in generator 
scheduled power is assumed. This is shown in Table 11. 
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TABLE 11. Variations in system generation 
% Increase in System Generation 
0 10 30 50 60 
GENERATOR TOTAL 3-# POWER, MW 
REG13 360 396 468 540 576 
REGIS 60 66 78 90 96 
REG16 160 176 208 240 256 
REG17 60 66 78 90 96 
REGIS 200 220 260 300 320 
The sequence components of the currents induced in the generators 
are shown in Table 12. The sequence components of the unbalanced line 
currents for the five lines considered in the previous section are shown 
in Table 13. The magnitude of I^ 's and Ig's in Tables 12 and 13 is 
plotted and is shown in Figures 27-31. 
From Table 12, an increase of about 14% is observed in at 
generator REGIS for an increase of 60% in the system loading. No 
appreciable change was observed in at other generators in the cases 
considered (see also Figures 27 and 28). Negative sequence components 
of the line currents increased somewhat with the increase in system 
loading. The zero sequence currents, however, had a larger increase as 
the system loading increased (see Table 13 and Figures 29-31). Although 
in this case the zero-sequence components' increases seem to be 
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TABLE 12. Sequence components of the unbalanced current at the 
generators (I. . _ puA) for variations in system loading 
U 3 1 ) Z 
% Increase in System Loading 
0 10 30 50 60 
GENERATOR  ^ puA 
REGIS 
0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
3.90/_2.710 4.20/_0.780 4.82/_-2.39 5.47/_-4.75 5.80/_-5.72 . 
0.33/_-139.0 0.33/_-140.2 0.33/_-141.1 0.32/_-137.6 0.30/_-129.8 
REG17 
0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
1.74/_38.21 1.70/_35.30 1.50/_28.70 1.50/_20.70 1.44/_15.81 
0.34/ -115.8 0.34/_-114.6 0.34/ -110.6 0.34/ -101.3 0.35/_-90.70 
REG16 " 
0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
2.74/21.81 2.78/_17.96 2.86/_10.20 2.97/_2.390 3.03/_-1.69 
0.42/_-114.9 0.42/_-113.2 0.42/_-107.3 0.44/_-9.400 0.48/_-80.00 
REG18 
0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
2.89/_17.25 2.92/_13.65 3.11/6.900 3.45/_0.500 3.50/_-2.57 
0.34/ -118.1 0.34/_-117.2 0.33/_-113.7 G.33/_-104.6 0.34/_-93.50 
REG15 
0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
1.88/_36.90 1.86/_34.30 1.81/_28.71 1.76/22.50 1.73/_19.10 
0.33/_-112.6 0.33/_-lll.l 0.33/_-106.3 0.34/ -96.00 0.36/_-85.20 
REFN 
0 . 0  
8.91/_4.000 
0.52/_-124.5 
0 . 0  
9.39/_-.010 
0.52/_-123.9 
0 . 0  
10.45/_-7.64 
0.50/_-120.2 
0 .0  
11.61/_-14.5 
0.49/_-108.1 
0 . 0  
12.24/_-17.9 
0.51/_-92.30 
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TABLE 13. Sequence components of the unbalanced line currents C Iq ^ 2 
puA) for variations in system loading 
% Increase in System Loading 
0 10 30 50 60 
LINE h,l,2' 
L0AD14-L0AD13 
0.08/ -167.9 
2.42/ 26.51 
0.22/_-148.3 
0.08/ 
2.57/" 
0.21/_ 
-161.9 
22.30 
-146.5 
0.07/ 
2.90/ 
0.22/_ 
-138.2 
14.60 
-139.1 
0.12/ 
3.27/ 
0.24/_ 
-108.7 
7.600 
-121.0 
0.20/ 
3.46/ 
0.29/" 
-100.0 
'4.120 
'-103.9 
L0AD12-L0AD13 
0.08/ -179.7 
1.62/ 73.00 
0.16/_-151.5 
0.08/ 
1.62/ 
0.16/ 
-178.9 
71.30 
-^151.2 
0.07/ 
1.60/" 
0.16/_ 
-174.8 
67.60 
>149.1 
0.07/ 
1.59/" 
0.16/_ 
-163.1 
63.85 
[-142.8 
0.09/ 
1.58/ 
0.16/_ 
-150.6 
61.90 
[-134.5 
HBUS3-L0AD14 
0.048/ -177.0 0.04/ 
1.51/ 38.10 1.57/" 
0.19/ -147.0 0.19/ 
-168.4 
33.50 
1-145.1 
0.03/ 
1.71/" 
0.19/_ 
-122.8 
"24.90 
[-136.6 
0.08/ 
1.86/ 
0.21/_ 
-86.10 
"16.50 
[-116.7 
0.15/ 
1.95/ 
0.26/_ 
-83.00 
"12.21 
[-98.00 
L0AD5-L0AD12 
0.03/ 169.9 
2.84/ 18.99 
0.19/_-153.5 
0.02/ 
3.07/ 
0.19/. 
178.20 
"15.60 
>151.7 
0.02/ 
3.56/ 
0.19/_ 
-97.82 
'9.500 
[-143.2 
0.09/ 
4.07/ 
0.20/[ 
-73.50 
"4.160 
-119.9 
0.17/ 
4.34/ 
0.25/[ 
-76.30 
"1.520 
-97.50 
L0AD13-L0AD10 
0.076/ 176.5 
1.41/ 93.20 
0.10/ -153.9 
0.07/ 
1.42/ 
0.10/ 
175.20 
"93.50 
"-155.3 
0.08/ 
1.45/ 
0.10/ 
_171.50 
'94.20 
-160.3 
0.09/ 
1.49/' 
0.11/ 
164.90 
"94.80 
"-171.4 
0.10/ 
1.51/ 
0.13/ 
158.50 
"95.20 
"178.00 
negligible compared to the positive sequence increases, they may become 
significant under different system operating conditions. 
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FIGURE 27. Relation between the negative sequence currents Induced in 
the generators with variations in the system loading - part 
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FIGURE 28. Relation between the negative-sequence currents induced in 
the generators with variations in the system loading - part 
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FIGURE 29. Relation between the zero-sequence component of the 
unbalanced line currents with variation In system loading 
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FIGURE 30. Relation between the negative-sequence component of the 
unbalanced line currents with variation in system loading 
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FIGURE 31. Relation between the zero-sequence and negative-sequence 
components of the unbalanced line currents with variations 
in system loading 
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It is clear from these results that unbalances due to untransposed 
lines vary rather significantly as system loading increases. This 
agrees with the outcome of the analyses presented in Chapter II. 
3. Effect of power coupling on power flows 
In order to demonstrate the effect of power coupling in an 
unbalanced system, two lines with the least and the most unbalanced 
currents are chosen and the total power at the sending end and receiving 
end of each phase of the line is compared. These comparisons were 
conducted for the first two cases considered in section B and are 
presented in Tables 14 and 15. 
The results given in Tables 14 and 15 agree with the discussion 
presented in section E of Chapter II. As is shown in Table 14, for the 
balanced lines in a balanced system, the real power loss/phase for each 
line is positive and is 1/3 of the total 3-$ real power loss on that 
line; whereas, in a system with untransposed lines, the real power loss 
per phase is unbalanced with some negative values. However, the total 
real 3-$ power loss was shown to be positive and about the same value as 
in the balanced system. These are shown in Table 15. 
It should be realized that the total 3-$ real power loss in a line 
in an unbalanced system is not always the same as that in a balanced 
system. Since real power losses increase as unbalances increase, the 
total 3-0 power loss in a line in a highly unbalanced system may be 
higher. To demonstrate this, the power flows in a case with both 
network and loads unbalanced (case 4 of section B) are shown in Table 
16. 
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TABLE 14. Comparisons between the sending end and receiving end power 
flows in case 1 
Sending End Receiving End Power 
Power Power Loss/Phase 
LINEa a^,b,c ^ a,b,c ^ a,b,c ^ a,b,c 
(MW) (MVAR) (MW) (MVAR) (Mtf) (MVAR) 
LOADS-LOAD10 1.258 -13.9 1.255 -3.3 0.003 -10.6 
1.258 -13.9 1.255 -3.3 0.003 -10.6 
1.258 -13.9 1.255 -3.3 0.003 -10.6 
Total 3-f Power Loss 
(MW) (MVAR) 
0.009 -31.8 
L0AD14-L0AD13 
(MW) (MVAR) 
69.75 -50.1 
69.75 -50.1 
69.75 -50.1 
(Mtf) (MVAR) 
69.49 -42.09 
69.49 -42.09 
69.49 -42.09 
(MW) (MVAR) 
0 . 2 6  - 8 . 0 1  
0.26 -8.01 
0 .26  -8 .01  
Total 3-§ Power Loss 
Py Qt 
3* 3<t> 
(MW) (MVAR) 
0.78 -24.03 
4. Effects of load unbalances 
It was shown in the steady-state analysis (Chapter II) that 
unbalanced loads would contribute unbalances to the system. 
In this section, the effects of unbalanced loads will be 
investigated and the criteria developed in Chapter II will be examined. 
To study the effects of unbalanced 3-$ loads, two different unbalanced 
loads are considered at LOAD13 with other loads in the system 
represented balanced (same t's and s's). These two loads were selected 
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TABLE 15. Comparisons between the sending end and receiving end power 
flows in case 1 
Sending End Receiving End Power 
Power Power Loss/Phase 
LINES a^.b.c ^ a,b,c ^ a,b,c ^ a,b,c \ 
LOADS-LOAD10 
(Mtf) (MVAR) 
-1.24 -11.9 
0.79 -16.9 
4.21 -13.4 
(MW) (MVAR) 
-0.15 -2.1 
0.58 -5.6 
3.32 -2.53 
(MW) (MVAR) 
-1.09 -9.80 
0.21 -11.3 
0.89 -10.9 
Total 3-§ Power Loss 
Pr Qr 
S(t> 3«f 
(MW) (MVAR) 
0.010 -32.0 
L0AD14-L0AD13 
(MW) (MVAR) 
60.30 -41.2 
71.90 -56.7 
77.00 -53.4 
(MW) (MVAR) 
60.90 -33.40 
71.10 -48.10 
76.40 -45.90 
(MW) (MVAR) 
-0.6 -7.80 
0.80 -8.60 
0.60 -7.50 
Total 3-§ Power Loss 
(MW) (MVAR) 
0.80 -23.90 
so that they yield the same degree of unbalances. The maximum magnitude 
of sequence components of the unbalanced line current (at L0AD14-L0AD13) 
is obtained and is shown in Table 17. 
For comparison purposes, the magnitude of IQ and obtained from 
(2.13) and (2.14) (unbalanced 3-* load criteria), along with degree of 
load unbalances are also presented. 
As is shown in Table 17, two different sizes of unbalanced 3-0 
loads with the same degree of unbalances cause about the same unbalance 
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TABLE 16. Comparisons between the sending end and receiving end power 
flows in case 4 
Sending End Receiving End Power 
Power Power Loss/Phase 
LINES a^,b,c ^ a.b.c ^ a,b,c ^ a,b,c ^ L \ 
(MW) (MVAR) (MW) (MVAR) (MW) (MVAR) 
LOAD3-L0AD10 -17.47 -32.5 -17.64 -20.7 0.17 -11.8 
20.52 -3.42 20.28 5.8 0.24 -9.22 
1.27 -2.1 1.56 7.8 -0.29 -9.9 
Total 3-§ Power Loss 
(MW) (MVAR) 
0.12 -30.9 
L0AD14-L0AD13 
(MW) (MVAR) 
23.92 -123.6 
97.21 -9.69 
89.03 -4.41 
Total 
(MW) 
2.35 
(MW) (MVAR) 
25.17 -115.2 
92.98 -4.29 
89.66 -4.03 
3-§ Power Loss 
(MVAR) 
-14.20 
(MW) (MVAR) 
-1.25 -8.4 
4.23 -5.4 
-0.63 -0.38 
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TABLE 17. Effect of unbalanced 3-$ loads on system unbalances 
(unbalanced load at L0AD13, all other loads balanced) 
Actual Values Estimated Values 
"1 h 
LOAD MVA lo I2 
"2 
S 
h 
s 
lo I2 
45 + j25 25 15 
5 + j 0 0.28 0.38 -15 -10 0.45 0.42 
10 + j 5 -10 5 
75 + j25 25 15 
35 + j 0 0.31 0.40 -15 -10 0.45 0.42 
40 + j 5 -10 -5 
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currents in the system which are somewhat less than the estimated 
values. This indicates that the unbalanced load criteria would give 
a relatively good estimate of the significance of unbalances caused by a 
3-0 load. Interesting enough, unbalances somewhat decreased when LOAD11 
was also represented unbalanced which would indicate some cancellation 
effects due to the principle of superposition. This is shown in Table 
18. 
TABLE 18. Effect of unbalanced 3-0 loads on system unbalances 
(unbalanced loads at LOAD13 and LOADll) 
Actual Values Estimated Values 
"l h 
LOAD MVA lo :2 "2 "2 :o l2 
"3 S 
40 + j25 25 15 
0 + j 0 0.22 0.26 -15 -10 0.45 0.42 
5 + j 5 -10 -5 
120 + j25 25 15 
80 + j 0 0.28 0.32 -15 -10 0.45 0.42 
85 + j 5 -10 -5 
To examine the effects of 1-0 loads, 4 different types of 1-0 loads 
were considered at phase b of LOAD13 with other loads represented 
balanced. The maximum magnitude of sequence components of unbalanced 
line current (also at L0AD14-L0AD13) along with the degree of load 
unbalances (t's and s's) a values are shown in Table 19. 
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TABLE 19. Effect of 1-$ load on system unbalances 1-0 load on phase b 
of L0AD13, all other loads balanced 
Actual Values Estimated Values 
1^ h 
LOAD MVA :o I2 =2 
3^ 
2^ 
S 
lo I2 
-10 -5 
30 + j 15 0.27 0.25 20 
-10 
10 
-5 
0.34 0.34 
-23 
-4 
70 + jl2 0.58 0.54 46 
-23 
8 
-4 
0.71 0.71 
-33 -27 
100 + j80 1.58 1.46 67 
-33 
54 
-27 
1.28 1.28 
-43 -3 
128 +j 9 1.10 1.10 86 
-43 
6 
-3 
1.29 1.29 
The results clearly show that unbalances caused by a 1-$ load 
increase with the size of the load and estimated values consistently 
predict the maximum unbalance currents caused by the load except for a 
load of lOO+jSO MVA. As was mentioned earlier (section D of Chapter 
II), the estimated values obtained from (2.19) for a large 1-0 load with 
relatively low power factor would give a pessimistic value which may 
not represent a good estimate. At any rate, the predicted value of 
1.28, in this case, still would represent a significant unbalance that 
could justify the 3-0 analysis of the system. 
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5. Comparisons between the 3-<{i load flow program and system reduction 
method 
In this section, comparisons between the 3-0 load-flow program and 
the new system reduction method for various unbalanced conditions will 
be made to show the practical application of this method. 
The unbalanced cases considered are as follows: 
1. Unbalanced network inside of study area, balanced bus 
loading. 
2. Balanced network, unbalanced bus loading inside of study 
area. 
The order of node numbering presented in Chapter II has been 
followed here. The study area is therefore identified by nodes 1-10 
(see Figure 20). The operating conditions for case 1 are similar to 
those given in Tables 3a and 3b. To represent case 2, the load at bus 
LOAD13 is represented unbalanced (see Table 20). 
TABLE 20. Unbalanced bus loading at bus L0AD13 
Phase a Phase b Phase c 
LOAD BUS MW MVAR MW MVAR MW MVAR 
L0AD13 20 10 130 50 140 60 
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Line flow information for the two lines connected to L0AD13, the 
double-circuit line L0AD8-L0AD9, and at the 2 generators inside of the 
study area are obtained and are shown in Tables 21-30. 
Comparisons between the results show fairly good agreement when 
only the network is unbalanced. Where the load becomes highly 
unbalanced, the results obtained by the system reduction method would 
still represent a good estimate of unbalances except at the generators' 
terminals. This discrepancy has been expected for a highly unbalanced 
system, since the assumption of phase voltages being equal in magnitude 
would no longer be valid. At any rate, in spite of this discrepancy, 
the results obtained by the system reduction method indicate some 
significant unbalances at the generators' terminals. 
D. Conclusions 
Based on the analyses in Chapter II and the results obtained in 
this chapter, the following may be concluded: 
1. Unbalances due to untransposed transmission lines increase in 
magnitude with an increase in the length of untransposed 
lines and/or an increase in the system loading. 
2. It appears, from the results, that load unbalances dominate 
the unbalances caused by untransposed lines, mainly, on the 
lines in the vicinity of the unbalanced loads. Some criteria 
have been developed that can be used to obtain some estimates 
of the degree of significance of the unbalances caused by an 
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unbalanced load. Based on these criteria, the need for 3-0 
representation of the system may be justified. 
3. Power coupling phenomena have been thoroughly analyzed and 
discussed. This phenomena play an important role in 
unbalanced transmission systems. It is related to the 
differences in power flows in phases of transmission lines. 
4. A non-iterative method was developed to be used as an 
alternative to 3-$ load-flow programs. This method can be 
used to get an estimate of the unbalances in the system. 
Comparisons with 3-0 load-flow program revealed the accuracy 
and the practicality of this method. 
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TABLE 21. Comparisons between the solutions of the 3-$ load-flow 
program and the system reduction method for network 
unbalances - Sequence voltages 
3-f LOAD-FLOW SYSTEM REDUCTION 
PROGRAM METHOD 
LINE Vo , 2(P"V) 
0.0102/ 52.4 0.0140/ 52.9 
L0AD14-L0AD13 1.0180/ -9.46 1.0160/ -9.18 
0.0195/_111.4 0.0177/_103.4 
0.0057/ 79.0 0.0084/ 69.5 
LOAD10-L0AD13 1.0325/ -7.95 1.0319/ -7.85 
0.0123/_122.0 0.0110/_114.7 
0.0010/ 36.8 0.0012/ 44.85 
LOADS-L0AD9(1) 1.0363/ -0.7 1.0359/ -0.7 
0.0066/_101.3 0.0065/_93.38 
0.0010/ 36.8 0.0012/ 44.85 
L0AD8-L0AD9(2) 1.0363/ -0.7 1.0359/ -0.7 
0.0066/ 101.3 0.0065/ 93.38 
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TABLE 22. Comparisons between the solutions of the 3-^ load-flow 
program and the system reduction method for network 
unbalances - Sequence components of line currents 
3-$ LOAD-FLOW SYSTEM REDUCTION 
PROGRAM METHOD 
LINE :o,1.2(9*6) 
0.0727/ 167.3 0.0923/ 154.9 
L0AD14-L0AD13 2.1940/ 11.81 2.2064/ 12.21 
0.1930/_-160.3 0.1919/ -167.2 
0.0786/ 168.5 0.0846/ 166.7 
L0AD10-LOAD13 1.5115/ 67.60 1.4980/ 68.21 
0.1860/_-l65.1 0.1827/_-167.8 
0.0196/ 128.4 0.0250/ 135.9 
L0AD8-L0AD9(1) 1.2399/ 9.79 1.2402/ 10.03 
0.0636/_175.7 0.0947/_173.9 
0.0297/ 121.1 0.0320/ 126.6 
L0AD8-L0AD9(2) 1.2^ 34/ 9.62 1.2412/ 9.62 
0.0720/ -175.1 0.0510/ 178.0 
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TABLE 23. Comparisons between the solutions of the 3-$ load-flow 
program and the system reduction method for network 
unbalances - Power flows 
3-f LOAD-FLOW SYSTEM REDUCTION 
PROGRAM METHOD 
LINE P , 
a,b, (^MW) Qg b (MVAR) p a,b, 
61.5 -22.3 61.2 -23.9 
L0AD14-L0AD13 71.2 -31.6 71.4 -31.0 
75.4 -27.5 76.0 -27.3 
5.0 -47.6 4.4 -47.9 
LOAD10-LOAD13 15.1 -54.7 14.6 -53.7 
18.9 -49.0 18.2 -48.7 
39.5 -8.2 38.3 -8.6 
LOAD8-LOAD9(1) 43.3 -9.1 43.9 -9.9 
43.5 -6.1 44.0 -5.4 
39.3 -8.1 39.8 -8.3 
L0AD8-L0AD9(2) 43.0 -9.2 42.8 -8.3 
44.5 -5.9 43.9 -6.4 
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TABLE 24. Comparisons between the solutions of the 3-0 load-flow 
program and the system reduction method for network 
unbalances - Continuous current unbalance at the high voltage 
bus of the generators 
3-§ LOAD-FLOW 
PROGRAM 
SYSTEM REDLCTION 
METHOD 
GENERATOR 
^0,1, :o,i,2(P"A) 
REGIS 
0.0 
2.6734/ 43.1 
0.1604/_-168.7 
0.0 
2.6280/ 43.5 
0.1573/_-176.6 
REG16 
0.0 
2.318/ 43.8 
0.262/ -170.7 
0.0 
2.226/ 44.9 
0.248/ -177.9 
TABLE 25. Comparisons between the solutions of the 3-0 load-flow 
program and the system reduction method for network 
unbalances - Power at the high voltage bus of the generators 
3-§ LOAD-FLOW SYSTEM REDUCTION 
PROGRAM METHOD 
GENERATOR 
«a.b.c (MVAR) P^ , (MW) Q, , ^(MVAR) & , d ) c a ) d ) c 
REGIS 
61.6 -62.3 
68.6 -69.7 
69.7 -59.9 
60.2 -62.4 
67.6 -68.9 
67.6 -58.7 
REG16 
45.2 -56.7 
56.2 -68.9 
58.7 -53.1 
42.4 -56.4 
53.8 -66.4 
54.6 -51.0 
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TABLE 26. Comparisons between the solutions of the 3-$ load-flow 
program and the system reduction method for load unbalances -
Sequence voltages 
3-§ LOAD-FLOW SYSTEM REDUCTION 
PROGRAM METHOD 
LINE Vo , ,(puV) Vo.l.2(P"V) 
0.1290/ 19.3 0.0764/ 24.7 
L0AD14-L0AD13 1.0348/ -9-74 1.0360/ -9.52 
0.0992/53.39 0.0571/_61.46 
0.0389/ 13.2 0.0187/ 36.3 
LOAD10-LOAD13 1.0373/ -8.16 1.0368/ -7.96 
0.0431/59.33 0.0220/_71.53 
0.0049/ 23.1 0.0030/ 34.57 
LOADS-L0AD9(1) 1.0374/ -0.9 1.0369/ -0.7 
0.0231/_59.40 0.0131/_67.78 
0.0049/ 23.1 0.0030/ 34.57 
L0AD8-L0AD9(2) 1.0374/ -0.9 1.0369/ -0.7 
0.0231/ 59.40 0.0131/ 67.78 
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TABLE 27. Comparisons between the solutions of the 3-$ load-flow 
program and the system reduction method for load unbalances -
Sequence components of line currents 
3-f LOAD-FLOW SYSTEM REDUCTiœî 
PROGRAM METHOD 
LINE 
1.0475/ 131.8 0.936/ 134.8 
L0AD14-L0AD13 2.6730/ 23.44 2.694/ 27.10 
1.4417/_149.64 1.2019/_155.17 
0.3636/ 131.2 0.2742/ 136.9 
LOAD10-LOAD13 1.6918/ 67.30 1.7011/ 68.28 
0.6476/_153.70 0.4694/_162.05 
0.0720/ 110.8 0.0410/ 127.7 
LOADS-L0AD9(1) 1.2510/ 10.8 1.2543/ 10.91 
0.1548/_148.9 0.1239/_163.4 
0.0825/ 110.1 0.0480/ 122.5 
LOAD8-LOAD9(2) 1.2634/ 10.2 1.2583/ 10.4 
0.1526/ 158.04 0.0800/ 160.9 
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TABLE 28. Comparisons between the solutions of the 3-$ load-flow 
program and the system reduction method for load unbalances -
Power flows 
3-§ LOAD-FLOW 
PROGRAM 
SYSTEM REDUCTION 
METHOD 
LINE p 
a.b, ^(MW) Qa b,c(MVAR) Pa.b.c(^) Qa,b,c(»VAR) 
L0AD14--LOAD13 
15.9 
103.5 
105.4 
-103.9 
-45.6 
-28.6 
17.0 -91.3 
97.4 -51.9 
106.6 -36.9 
LOAD10 -L0AD13 
-13.2 
28.4 
28.1 
-76.3 
-59.2 
-38.4 
-7.7 -66.8 
23.0 -60.2 
26.6 -45.8 
37.7 -13.2 37.9 -10.6 
L0AD8-L0AD9(1) 45.6 -10.3 45.2 -10.9 
43.8 - 3.2 44.3 -4.9 
37.8 
L0AD8-L0AD9(2) 45.4 
45.4 
-12.4 
-10.3 
- 2.9 
39.6 
44.1 
44.3 
- 1 0 . 1  
- 9.1 
- 5.9 
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TABLE 29. Comparisons between the solutions of the 3-^ load-flow 
program and the system reduction method for load unbalances 
Continuous current unbalance at the high voltage bus of the 
generators 
3-f LOAD-FLOW 
PROGRAM 
SYSTEM REDUCTION 
METHOD 
GENERATOR 
REG18 
0 . 0  
2.7108/_43.8 
0.5620/_149.40 
0 . 0  
2.6860/_43.8 
0.3191/ 157.80 
REG16 
0 . 0  
2.4610/ 46.7 
1.0670/~147.00 
0 . 0  
2.4260/_46.6 
0.6300/ 154.50 
TABLE 30. Comparisons between the solutions of the 3-0 load-flow 
program and the system reduction method for load unbalances -
Power at the high voltage bus of the generators 
3-§ LOAD-FLOW SYSTEM REDUCTION 
PROGRAM METHOD 
GENERATOR p 
a.b, ^(MW) Qa,b c(MVAR) p a,b. Qa,b,c(MVAR) 
52.1 -75.6 57.2 -68.9 
REGIS 82.8 -77.6 74.6 -73.0 
65.0 -45.7 66.7 -53.8 
25.3 -85.7 35.4 -73.0 
REGIS 83.2 -89.1 69.1 -80.4 
51.6 -29.0 54.5 -43.3 
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IV. TRANSIENT ANALYSIS OF UNBALANCED THREE-PHASE TRANSMISSION SYSTEM 
A. Introduction 
When a traveling wave on a line reaches a transition point at 
which there is an abrupt change of circuit constants, as an open or 
short circuited terminal or a junction with another line, a part of 
the wave is reflected back on the line, and a part may pass on to other 
sections of the circuit. At the transition point itself, the voltage 
(or current) may be anything from zero to double the magnitude of the 
wave, depending on the terminal characteristics [30]. 
The intent of this chapter is to demonstrate the dependence of 
traveling wave equations on the unbalanced elements, namely, unbalanced 
load and untransposed transmission lines, that may exist at the transition 
point. Transmission lines will be represented by their self-series 
impedances and mutually coupled surge admittances. The surge admittance 
matrix of the line may be obtained by inverting the surge impedance 
matrix (see Appendix I, section 2.b). The a,b,c frame of reference 
is used in this chapter to represent the matrices. 
B. Transition Point on Three-Phase Systems 
Consider a transition point as shown in Figure 32. It consists of a 
junction at which there is a load (assumed to be inductive) represented 
by admittances to ground (see Figure 33 and Appendix I) and two trans-
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transition 
point 
FIGURE 32. A transition point 
phase p phase p 
FIGURE 33. Load equivalent resistance and inductance 
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mission lines of surge admittance matrices Y and y joined through series 
impedances and Zjj, respectively. 
Let 
e,i = potential and current incident waves 
e',i* = potential and current reflected waves 
e",i" = potential and current transmitted waves 
The directions of these waves are shown in Figure 32. It will also 
be convenient to introduce the notations 
Zip = Rlp + SLlp 
ZRP = Rrp + SLrp 
Ylp = 1/Rp - S/Lp 
S = jto 
P = 1,2,3 
where 
1 corresponds to phase a 
2 corresponds to phase b 
3 corresponds to phase c 
The total current and voltage at the transition point on any incoming 
phase p is the sum of the incident and reflected waves on that phase. 
It can be shown [30] that the total current at the transition point 
is 
ip + ip' = Ypl(ei-ei') + Yp^Ceg-ez') + YpgCeg-e']) (4.1) 
The potential across the admittance Yl is 
Ep = (ep+ep-) - RLp(ip+ip') - L^pd/dcCip+ip') (4.2) 
and the current through Y^, therefore, is 
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Ip = Ep/Rp + 1/LpJ'Epdt (4.3) 
The current transmitted to the outgoing line is 
ip" = ypiei" + yp2 62" + YpSeg" (4.4) 
The condition of current continuity requires that 
ip + ip' = ip" + Ip (4.5) 
The potential wave transmitted to the outgoing line is 
ep" = Ep - RRpip" - LRpdip'Vdt (4.6) 
Differentiating Eq. 4.3 with respect to t and substituting Eqs. 4.1 
and 4.2 yields 
dip/dt = (1/Rp)[(d/dt)(ep+ep') - RLpYpi(d/dt)(ei-ei') -
RLpYp2(d/dt)(e2-e2') - RLpYp3(d/dt)(e3-e3') -
LLpYpl(d'/dt2)(ei-ei') - LLpYp2(d^/dt^)(e2-e2*) " 
LLpYp3(d^/dt2)(e3-e3')] + (l/Lp)[(ep+ep') -
YplRLp(ei-ei') - RLpYp2(®2~e2'^ ~ "ifp3^^Lp(®3"®3'^ ~ 
LLpYpl(d/dt)(ei-ei') - LLpYp2(d/dt)(e2-e2') -
LLpYp3(d/dt)(e3-e3')] (4.7) 
Differentiating Eq. 4.5 with respect to t and substituting Eqs. 4.1, 
4.4 and 4.7 gives 
Ypi(d/dt)(ei-ei') + Yp2(d/dt)(e2-e2') + Yp3d/dt(e3-e3') = 
ypl(d/ei"/dt) + yp2(de2"/dt) + yp3 (de^'Vdt) + 
(1/Rp) [d/dt(ep+ep') - Ri,p%pl(d/dt)(ei-ei') -
BLpYp2(d/dt)(e2-e2') - RlpYp3(d/dt)(e3-e3') -
LLpTpl(d^/dt=)(ei-ei') - LLpYp2(d^/dt^)(62-62') " 
LLpYp3(d'/dt2)(63-e3')] + (l/Lp)[(epfep')-YpiRLp(ei-ei')-
Yp2Bl,p(e2-e2')-Yp3RLp(e3-e3')-LLpYpl(d/dt)(ei-6i')-
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LLpYp2(d/dc)(ez-ez')-LLpYp3(d/dt)(03-63')] (4.8) 
Differentiating Eq. 4.6 with respect to t and substituting for 
Ep and ip" from Eqs. 4.2 and 4.4 yields 
dep'Vdt = (d/dt)(ep+ep') - RLpYpi(d/dt)(ei-ei') -
RLpYp2(d/dt)(e2-e2') - R^pYpsCd/dt)(63-83') -
LLpYpl(d^/dt2)(6i-ei') - LLpYp2(d'/dt^)(e2-e2') -
LLpYp3(d'/dt=(e3-e3') - RRpypl(d/dt)ei" -
BRpyp2(de2"/dt) - RRpyp3(de3"/dt) - LRpypl(d=ei"/dt=) -
LRpyp2(d=e2"/dt:) - LRpyp3(d^e3'7dt^) (4.9) 
Rearranging Eq. 4.8 will give 
((RLp/Rp)+l+(LLp/Lp))Ypl (dei'/dt)+(l/Rp)(dep'/dt) + 
((RLp/Rp)+l+(l*Lp/^P^^Yp2(de2*/dt) + ( (RLp/Rp^''"^Lp/^p^'''^p3 
(de3'/dt)+ypi(d6i'7dt)+yp2(de2"/dt) + yp3(de3"/dt)+(lLp/Rp)Ypi 
(d^ei'/dt^)+(LLp/Rp)Yp2(d^e2'/dt®) + (LLp/Rp)Yp3(d^e3'/dt^) + 
(RLp/Lp)Ypiei'+(6p'/Lp) + (RLp/Lp)Yp2e2' + (RLp/Lp)Yp3e3' = 
(RLp/Lp)Ypiei-(ep/Lp) + (RLp/Lp)Yp2e2 + (RLp/^P)Yp3e3 + 
((RLp/Rp)+l+(LLp/Lp))Ypi(dei/dt)-(l/Rp)(dep/dt) + 
((RLp/Rp)+l+(LLp/Lp))Yp2(de2/dt) + ((R^p/Rp) + (LLp/Lp)+l)Yp3 
(de3/dt) + LLpYpi(d^ei/dt^) + LLpYp2(d^e2/dt^) + LLpYp3(d^e3/dt=) 
(4.10) 
Rearranging Eq. 4.9 will give 
BLpYpl(dei'/dt) + (dep'/dt) + Ri,pYp2(de2'/dt) + 
^LpYp3(de3'/dt) - RRpypl(dei"/dt) - RRpyp2(de2'7dt) -
BRpyp3(de3"/dt) - (dep"/dt) + LLpYpi(d^ei'/dt^) + 
LLpYp2(d^e2'/dt=) + LLpYp3(d=e3'/dt^) - LRpypi(d^6i"/dt^) -
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LRpyp2(d'e2"/dt^) - LRpyp3(d^e3"/dt^) = - (dcp/dt) + 
^Lp^pl^'^Gi/dt) + RLpYp2(de2/dt) + RipYpsCdeg/dt) + 
LLpYpl(d'ei/dt') + LipYpzCd'ez/dt:) + LlpYpsCd'eg/dt:) 
(4.11) 
Now, let 
*1 ei* 
*2 62* 
*3 es' 
X4 ei" 
*5 62" 
*6 es" 
*7 h' 
*8 h' 
X9 h' 
*10 h" 
*11 42" 
_xi2_ 
_h"_ 
*7 XI 
*8 *2 
X9 *3 
*10 *4 
*11 *5 
_xi2_ 
Writing Eqs. 4.10 and 4.11 in matrix form using the state variables 
follows: 
Ax + Bx = u (4.12) 
Assume matrices A and B consist of four submatrices, that is. 
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A = 
and 
A2 
A1 A2 
3x3 3x9 
A3 A4 
9x3 9x9 
B = 
B1 1 B2 
3x3 1 3x9 
— — 
. _1 
B3 1 =4 
9x3 1 9x9 
1/Rl + Alll AI2I AI3I 
A1 = A2ll A22l + 1/R2 A23l 
A3ll A32l A33I + 1/R3 
yil 712 713 Ali^ A122 AIS^ 0 
721 722 723 A2l2 A222 A232 0 
731 732 733 A3I2 A322 A332 0 
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A3 = 
1+RliYII 
RL2?21 
RL3Y3I 
1 
0 
0 
0 
0 
0 
RL1Y12 
1+RL2Y22 
RL3Y32 
0 
1 
0 
0 
0 
0 
RL1Y13 
RL2^23-
1+RL3'^33 
0 
0 
1 
0 
0 
0 
See Figure 34 for submatrix A4, and Figure 35 for u(t). 
"A113 + 1/Li A123 AI33 
B1 = A213 A223 + I/L2 A233 
A3l3 A323 A333 + I/L3 
B2 = [ 0 ] 
B3 = [ 0 ] 
-I-RRIYH -RRIYIZ -RRIYIS YIILLI 
-RRZyZl -l-RR2y22 "RR2y23 Y2ILL2 
-%3y31 -RR3y32 -RR3y33-l Y31LL3 
0 0 0 0 
0 0 0 0 
0 G 0 0 
1 0 0 0 
0 1 0 0 
0  0  1 0  
34. Submatrix A4 
Y12LLI 
Y22LL2 
Y32LL3 
0 
0 
0 
0 
0 
0 
Y13LLI 
Y23LL2 
Y33LL3 
0 
0 
0 
0 
0 
0 
-LRiyii 
-LR2y21 
-LR3y31 
0 
0 
0 
0 
0 
-LRiyi2 
-LR2y22 
-LR3y32 
0 
0 
0 
0 
0 
-LRiyi3 
-LR2y23 
-LR3y33 
0 
G 
0 
0 
0 
^2=2 + ^  *13=3 + (4l - + ^ 2 $ + ^ 3 ^  + ''Ll^l + 
d'e. d'e. 
'•Ll^U IPr + I.LI*13 "dP 
TÇ ?Zl'l + (4; ^22 - "2 + ^  "23=3 + 4l (*22 + ^3lf + ''L2^l ^  
d'e, d'e d'e. 
+ •'L2*22 "dP" + ''L2*23 "dP" 
T; 731 = 1 + ^  ^32*2 +(^ "33 ' 1^) =3 + 4l W + ^ 2 "df (^1 "T^) ^  ^ "13*31 "dt^ 
de de de d'e^ d'e^ d'e^ 
Ki^u - ') "dT ^  "LI^U It + ^ 1*13 -dF + ^ Lirii IP- + 111*12 ^  + "-Liyu TP-
d'«2 d'«, 
•*• ''L3*32 "dp" •*• ^13*33 dt' 
do de de d'Cj d-e^ d e, 
•4.2*21 -dT + ("4.2*22 - -dT + *L2*2, IT + S.2*21 "dP" + ''L2*22 "dP" + ^ 12*23 dt 
de. àe de^ d 2 
"4.3*31 "dF + "4.3*32 IT + ("4.3*33 '  ^* ^ 13*31 "dP" + ^ 3*32 "dP" + "'L3*33 
d'c3 
"dp" 
FIGURE 35. Matrix u(t) 
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B4 = 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
where 
Aijl = Yij (1 + RLi/Ri + Iti/Li) (4.13) 
Aij2 = Yij (LLi/Ri) (4.14) 
Aij3 = Yij (RLi/Li) (4.15) 
i,j = 1.2,3 
Examining matrices A, B, and u shows the dependence of traveling 
waves on equivalent load impedances and the lines' surge admittances, 
as well as their series impedances. 
In general, the surge admittance matrix and self-series impedances 
of unbalanced line have the form 
Ysl Yml YmZ 
Fml ys2 ym3 
ym2 ym3 ys3 (4.16) 
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Zp" = Rp" + SLp" p=l,2,3 
Equations 4.16 and 4.17, for balanced lines, have the forms 
(4.17) 
Ys 7m Ym 
II 
Ym Ys Ym 
Ym Ym Ys _ (4.18) 
where 
ZpB = rB + siB p=l,2,3 
Ysl + ys2 +ys3 
Ys = 
(4.19) 
Ym 
Yml + YmZ + ym3 
C. Summary and Discussion 
The purpose of this analysis was to show the dependence of the 
coefficients of the traveling wave equations on the unbalanced elements 
at the transition point. The model used in this analysis did not include 
the overall effect of the transmission network and the load. Solving the 
equations obtained, therefore, would not represent the actual situation. 
Thus, no solution has been attempted. 
From this analysis, however, untransposed transmission lines 
represented by Eqs. 4.18 and 4.19 would appear to give, approximately, 
the same solution as if the lines were represented untransposed (see 
Eqs. 4.16 and 4.17). This agrees with the findings of others [10,21]. 
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Inspecting the matrices Al, Bl, and u would suggest that the elements 
of these matrices depend on load equivalent impedances (R, L) (see 
Eqs. 4.13-4.15). Equivalent impedances of small loads are relatively 
large compared to the lines' series impedances and, since they appear 
as 1/R and 1/L in the equations, small loads (about 30 MVA or less 
in a 345 kV system) as well as their unbalances may be ignored in the 
analysis. Minor variations in the equivalent R and L in each phase 
of larger loads do not appear to affect the solution of wave equations 
significantly. This corresponds to minor unbalances in three-phase 
loads. In loads with significant unbalances, equivalent impedances 
vary considerably from phase to phase and this would lead to significant 
differences in the elements of matrices Al, Bl, and u. The solutions 
obtained with loads represented unbalanced, therefore, would not be 
the same as if they were represented balanced. This may suggest that 
load unbalances should be considered in load representations. 
The fact that the variations in the magnitude of phase voltages 
due to unbalances are not very significant would suggest that an 
equivalent impedance for each phase of unbalanced loads may be determined 
using the magnitude of balanced phase voltages. Unbalanced loads 
represented in this manner, would represent a good approximation and 
the solution obtained with this representation would then be reasonably 
accurate. 
While this chapter dealt with the analytical aspect of traveling 
wave phenomena and their dependence on unbalances, the actual network 
transient solutions under different unbalance conditions will be presented 
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in the next chapter. These results will be complementary to the material 
presented in this chapter, since the overall effect of network, loads, 
and their unbalances will all be included in the study. 
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V. RESULTS OF THE ELECTROMAGNETIC TRANSIENT ANALYSIS 
A. Introduction 
In order to illustrate the impact of the overall transmission 
system and its unbalances on the network transients, the electromagnetic 
transients of the EHV test system (see Figure 20) will be obtained and 
studied. Specifically, the effects of untransposed transmission lines 
and unbalanced loads on the transient overvoltages due to fault surges 
will be demonstrated. 
In addition, the accuracy of using a balanced initial condition 
assumption will be evaluated. 
The electromagnetic transients will be obtained by using the EMTP, 
the Electromagnetic Transients Program [33]. 
B. Study of the 24-Bus EHV Test System 
The electromagnetic transients of the test system in the following 
cases were obtained and studied: 
Case 1. The system is represented unbalanced using unbalanced 
initial conditions. The types of unbalances considered are: 
la. Untransposed lines, balanced loads. 
lb. Untransposed lines, unbalanced loads.^ 
Ic. Transposed lines, unbalanced loads. 
^ See Table 4. 
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Case 2. The system is represented balanced using balanced initial 
conditions. 
Case 3. The system is represented unbalanced using balanced initial 
conditions. Types of unbalances considered are similar to those of 
case 1. 
The transient analysis mainly is focused on the transient 
overvoltages due to clearing a single-line to ground (SLG) fault by 
means of single pole switching. For this purpose, a SLG fault was 
placed on phase b on the line side of bus LOAD10 and cleared in 3 
cycles by opening phase b of line LOADlO-LOADll. The voltage 
transients of 3 buses (with the most significant overvoltages) were 
obtained and are shown -in Figures 36-56. Comparisons between the 
maximum transient overvoltage factors COVF)^ are shown in Table 31. 
Transient overvoltages depend --to some extent --on the 
relative phase when the fault and switching begin. In order to take 
this fact into consideration, the SLG fault was placed at t=0.006 S 
and cleared at t=0.056 S in all cases considered. 
1. Effects of untransposed transmission lines and unbalanced loads on 
the transient overvoltages 
The impact of untransposed lines on the transient overvoltages 
can be observed by the comparisons between cases la and 2 shown in 
Table 31 and Figures 36-38 and 45-47. These comparisons indicate that 
^ The overvoltage factor is the maximum crest value of a switching 
surge divided by the crest value of normal line-to-ground voltage. 
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approximating imtransposed transmission lines with transposed lines 
would give a rather good estimate of the transient overvoltages 
occurring in the system. 
Examining cases Ic and 2, Figures 42-44, and 45-47 reveals that 
ignoring the load unbalances in network transient studies would result 
in an incorrect estimate (underestimate or overestimate) of the 
transient overvoltages. This, however, as was mentioned in Chapter 
IV, depends on the degree of load unbalances. Thus, to avoid this 
problem, it would be advisable to consider any load unbalances in 
network transient studies by representing all unbalanced loads as 
unbalanced. 
2. Evaluation of the accuracy of using balanced initial conditions 
Comparisons between cases la and 3a, lb and 3b, Ic and 3c shown 
in Table 31 and Figures 36-38 and 48-50, 39-41 and 51-53, 42-44 and 
54-56 show no significant differences. This indicates that 
utilization of balanced initial conditions in network representation, 
regardless of the degree of system unbalances, would lead to a 
reasonably accurate transient solution. 
C. Conclusions 
The final results of the transient analysis may be summarized as 
follows : 
1. Untransposed transmission lines have no significant impact on 
transient overvoltages due to fault surges. 
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2. Load unbalances can affect the transients and therefore 
should be considered in network transient studies. This, 
however, depends on the degree of imbalance at the load. 
3. No significant error was observed when balanced initial 
conditions were used in network representation. 
TABLE 31. Maximum transient overvoltage factors (OVF) due to fault 
clearing 
BUS NAME CASE 2 CASE la CASE 3a CASE lb CASE 3b CASE Ic CASE 3c 
LOADIOA 
LOADIOB 
LOADIOC 
LOADllA 
LOAD1IB 
LOADlie 
L0AD13A 
L0AD13B 
L0AD13C 
1.37 1.31 1.32 1.42 1.36 1.49 1.42 
1.20 1.22 1.21 1.13 1.18 1.12 1.17 
1.26 1.29 1.29 1.24 1.27 1.20 1.25 
1.27 1.23 1.24 1.35 1.30 1.38 1.32 
1.20 1.20 1.20 0.98 1.00 0.98 1.07 
1.19 1.21 1.21 1.17 1.21 1.15 1.19 
1.19 1.13 1.16 1.41 1.30 1.46 1.34 
1.18 1.18 1.15 0.94 1.06 0.95 1.10 
1.13 1.14 1.14 1.00 1.07 0.97 1.06 
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LOADIO VOLTAGES 
riRC niILtlSECONDS C>011 
FIGURE 36. Transient response of bus LOADIO phase voltages due to 
clearing a SLG fault on phase b near bus LOADIO (case la) 
LOADll VOLTAGES 
TIME WIUISECONOS E*01) 
FIGURE 37. Transient response of bus LOADll phase voltages due to 
clearing a SLG fault on phase b near bus LOADIO (case la) 
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L0AD13 VOLTAGES 
sss s 
TIME mlLLISECONSS [•011 
FIGURE 38. Transient response of bus LOAD13 phase voltages due to 
clearing a SLG fault on phase b near bus LOAD 10 (case la) 
LOflOlO VOLTAGES 
TIME (MILLISECONDS £*01) 
FIGURE 39. Transient response of bus LOAD10 phase voltages due to 
clearing a SLG fault on phase b near bus LOAD10 (case lb) 
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FIGURE 40. Transient response of bus LOAD 11 phase voltages due to 
clearing a SLG fault on phase b near bus LÔAD10 (case lb) 
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L0AD13 VOLTAGES 
TIME (MILLISECONOS E*01l 
FIGURE 41. Transient response of bus LOAD13 phase voltages due to 
clearing a SLG fault on phase b near bus LOAD10 (case lb) 
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FIGURE 42. Transient response of bus LOADlO phase voltages due to 
clearing a SLG fault on phase b near bus LOADlO (case Ic) 
LOADll VOLTAGES 
3 g 
TIME mlLLISeCOim C>01l 
FIGURE 43. Transient response of bus LOADll phase voltages due to 
clearing a SLG fault on phase b near bus LOADlO (case Ic) 
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FIGURE 44. Transient response of bus LOAD13 phase voltages due to 
clearing a SLG fault on phase b near bus LOAD 10 (case Ic) 
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FIGURE 45. Transient response of bus LOAD10 phase voltages due to 
clearing a SLG fault on phase b near bus LOAD10 (case 2) 
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FIGURE 46. Transient response of bus LOADll phase voltages due to 
clearing a SLG fault on phase b near bus LOADIO (case 2) 
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FIGURE 47. Transient response of bus LOAD13 phase voltages due to 
clearing a SLG fault on phase b near bus LOADIO (case 2) 
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FIGURE 48. Transient response of bus LOAD10 phase voltages due to 
clearing a SLG fault on phase b near bus LOAD10 (case 3a) 
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FIGURE 49. Transient response of bus LOAD11 phase voltages due to 
clearing a SLG fault on phase b near bus LOAD10 (case 3a) 
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FIGURE 50. Transient response of bus LOAD13 phase voltages due to 
clearing a SLG fault on phase b near bus LOAD10 (case 3a) 
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FIGURE 51. Transient response of bus LOADIO phase voltages due to 
clearing a SLG fault on phase b near bus LOADIO (case 3b) 
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FIGURE 54. Transient response of bus LOAD10 phase voltages due to 
clearing a SLG fault on phase b near bus LOAD10 (case 3c) 
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FIGURE 55. Transient response of bus LOAD11 phase voltages due to 
clearing a SLG fault on phase b near bus LOAD10 (case 3c) 
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FIGURE 56. Transient response of bus L0AD13 phase voltages due to 
clearing a SLG fault on phase b near bus LOAD 10 (case 3c) 
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VI. CONCLUSIONS 
A comprehensive and rigorous analysis has been presented in this 
dissertation of EHV transmission system unbalances caused by untransposed 
transmission lines and unbalanced loads and their effects in power 
system analysis. 
In the steady-state analysis, it is concluded that, in general, 
there is no simple way of obtaining the degree and the distribution 
of unbalances in the system. The only possible approach to this problem 
would be the three-phase analysis of the system since the overall effect 
of the transmission network, and load and their unbalances are all 
included in the study. However, it does not seem to be necessary to 
repeat this analysis every time the system loading changes. In a network 
with the fixed transmisison line configurations and lengths, the following 
steps may be taken to investigate the necessity of future three-phase 
analysis on the system under study (see Figure 57). 
1. Unbalance analysis (three-phase representation) should be 
performed at least once when the transmission system is simulated 
with the maximum possible loading condition including all 
unbalanced loads that are present in the system. This would 
represent the maximum possible system imbalance. 
This step may be performed by using the newly developed 
method (system reduction method) to simplify the analysis. 
2. At this step, the criteria imposed on the system (Chapter 
II, sections 1 and 3) need to be checked. 
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3. If the criteria are not met, then three-phase representation 
may be required in the future to ensure a safe and normal 
operation of the system. 
4. If the criteria are met, then balanced three-phase 
representation will give a fairly good approximation. 
5. It seems advisable to check the significance of unbalances 
whenever a new unbalanced load is expected. This may be 
checked by the unbalanced load criteria (see Eqs. 2.13, 2.14, 
2.20, and 2.21). 
6. If the unbalanced load criteria are not satisfied, then three-
phase representation may be required. Otherwise, balanced 
three-phase representation would be satisfactory. 
7. Unbalance analysis may be justifiable in a system with 
combination of unbalanced loads since unbalances due to each 
individual load may add and exceed the criteria limit. 
In the electromagnetic transient analysis, the following has been 
concluded. 
1. Untransposed transmission lines may be represented transposed. 
2. Unbalanced loads should be represented as unbalanced. 
3. Steady-state solution of the balanced three-phase system 
may be used as initial conditions to represent the generators, 
balanced loads, as well as unbalanced loads in network transient 
studies. 
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IN A NETWORK WITH A FIXED TRANSMISSION LINE, 
COHFICOTATIOIIS AND LENGTHS, THE FOLLOWING STEPS 
MAT BE TAKENt 
PERFORM UNBALANCE ANALYSIS AT LEAST ONCE WHEN 
THE TRANSMISSION SYSTEM IS SIMULATED WITH MAXIMUM 
POSSIBLE LOADING CONDITION (INCLUDING ALL UNBALANCED 
LOADS) USING SRM 
IS THE CRITERIA 
IMPOSED ON THE SYSTEM MET? 
BALANCED 3-$ REPRESENTATION 
WILL GIVE A FAIRLY 
GOOD APPROXIMATION 
CHECK THE SIGNIFICANCE OF 
UNBALANCES WHENEVER A NEW 
UNBALANCED LOAD IS EXPECTED 
S THE UNBALANCED LOAD 
CRITERIA SATISFIED? 
UNBALANCED ANALYSIS MAY BE JUSTIFIABLE 
IN A SYSTEM WITH A COMBINATION OF 
UNBALANCED LOADS 
FULL 3-4 REPRESENTATION 
HAY BE REQUIRED TO 
ENSURE A SAFE AND NORMAL 
OPERATION OF THE SYSTEM 
I 
FIGURE 57. Decision making process to perform unbalance analysis 
131 
VII. BIBLIOGRAPHY 
1. Clarck, E. Circuit Analysis of A. C. Power Systems, Vol. I, 
Symmetrical and Related Components. New York, N.Y.: John 
Wiley & Sons, Inc., 1943. 
2. Stevenson, W. D. Elements of Power System Analysis. Nev York, 
N.Y.: McGraw-Hill, Inc., 1975. 
3. Anderson, P. D. Analysis of Faulted Power Systems. Ames, 
Iowa: The Iowa State University Press, 1973. 
4. Tarsi, D. C. "Analysis of Unbalanced Three-Phase Load Flows." 
M.S. Thesis, Lafayette, Indiana: Purdue University, January 
1967. 
5. Birt, K. A., Crabby, J. J., and McDonald, J. D. "Three-Phase 
Load Flow Program." IEEE Transactions, PAS-95[1] (January/ 
February 1976): 59-63. 
6. Mason, C. R. The Art and Science of Protective Relaying. New 
York, N:Y.: John Wiley & Sons, Inc., 1955. 
7. Hesse, M. H. "Circulating Currents in Parallel Untransposed 
Multi-circuit Lines: I-Numerical Evaluation." IEEE 
Transactions. PAS-85[7] (July/August 1966): 802-811. 
8. Hesse,M. H. "Circulating Currents in Parallel Untransposed 
Multi-circuit Lines: II-Methods for Estimating Current 
Unbalance." IEEE Transactions. PAS-85[7] (July/August 1966): 
812-820. 
9. Birt, K. A., Grabby, J. J., and McDonald, J. D. "Three-Phase 
Load Flow Program." IEEE Transactions, PAS-95[1] (January/ 
February 1976): 59-63. Discussion by P. A. Rusche and S. C. 
Bahl: 64. 
10. Clerici, A., and Enel, M. N. "Influence of Line Transpositions 
on Reenergization Overvoltages-Number of Operations for 
Reliable Overvoltage Statistical Distributions." IEEE 
Transactions, PAS-92 (January/February 1971): 25-30. 
11. Clerici, A., and Taschini, A. "Overvoltages Due to Line 
Energization and Reenergization Versus Overvoltages Caused by 
Faults and Fault Clearing in EHV Systems." IEEE Transactions, 
PAS-90 (May/June 1971): 932-939. 
132 
12. Colclaser, R. G., Wagner, "C. L., and Donohue, E. P. "Multistep 
Resistor Control of Switching Surges." IEEE Transactions, 
PAS-88 (July 1969): 1022-1028. 
13. Baltensperger, P. A., and Djurdjevic, P. "Damping of Switching 
Overvoltages in EHV Networks-New Economic Aspects and 
Solutions." IEEE Transactions. PAS-88 (July 1969): 1014-1021. 
14. Paris, L. "Basic Considerations of Magnitude Reduction of 
Switching Surges Due to Line Energization." IEEE Transactions, 
PAS-87 (January 1968): 295-305. 
15. Kimbark, E. W., and Legate, A. C. "Fault Surge Versus 
Switching Surge A Study of Transient Overvoltages Caused by 
Line-to-Ground Faults." IEEE Transactions, PAS-87 (September 
1968): 1762-1769. 
16. Boonyubol, C., Calabrese, C., and Tudor, J. "A Mathematical 
Analysis of Transmission-Line Transients Related to Fault 
Surges." IEEE Transactions, PAS-89 (July/August 1970): 
1207-1215. 
17. Holley,"A., Coleman, C., and Shipley, R. B. "Untransposed 
E.H.V. Line Computations." IEEE Transactions. PAS-83 (1964): 
291. 
18. El-Abiad, A. H., and Tarsi, D. C. "Load-Flow Solution of 
Untransposed EHV Networks." PICA, Pittsburgh, Pennsylvania: 
377-384. 
19. Was ley, R. G., and Slash, M. A. "Newton-Raphson Algorithm for 
Three-Phase Load Flow." Proc. lEE, 121[7] (1974): 630. 
20. Harker, B. J., and Arrillaga, J. "Fast Decoupled Three-Phase 
Load Flow." Proc. lEE. 125[8] (August 1978): 734-740. 
21. Dabuleanu, A., and Semlyen, A. "Modeling of Transpositions and 
Double Circuit Transmission Lines in Switching Surge 
Calculations." IEEE Transactions, PAS-94 (March/April): 
242-250. Discussion by H. W. Dommel: 251. 
22. Barkle, J. E., and Roeschlaub, F. V. "Application of Relays 
for Unbalanced Faults on Generators." AIEE Transactions. 72, 
Part III (1953): 277-282. 
23. Lawrence, R. F., and Ferguson, R. W. "Generator Negative-
Sequence Currents for Line-to-Line Faults." AIEE Transactions, 
72, Part III (1953): 9-16. 
133 
24. Alger, P. L., Franklin, R.-F., and Kilboume, C. E. "Short-
Circuit Capabilities of Synchronous Machines for Unbalanced 
Faults." AIEE Transactions, Pt. Ill, Vol. 72 (1953): 394-403. 
Discussions: 403-404. 
25. Cunningham, G. W., and Eggenbrger, M. A. "Turbine Generator 
Controls, Protections, and Accessories." AIEE Transactions, 
Pt. Ill, Vol. 73 (1954): 455-464. Discussion by R. L. Webb: 
464-465. 
26. American National Standard, ANSI C5.12-1982, "Requirements for 
Salient-Pole Synchronous Generators and Generator/Motors for 
Hydraulic Turbine Applications," (1982): 9. 
27. American National Standard, ANSI C50.13-1982, "Requirements for 
Cylindrical Rotor Synchronous Generators," (1982): 10-11. 
28. Vestinghouse Electric Corporation. Applied Protective Relaying 
Reference Book. 2nd edition. Coral Springs, Florida (1979). 
29. Consumers Power Company. Transmission Line Parameters Program-
TRANS2 Version 2183, Version 2183." Jackson, Michigan (1983). 
30. Bewley, L. V. Traveling Waves on Transmission Systems. New 
York, N.Y.: John Wiley & Sons, Inc., 1951. 
31. Consumers Power Company. "Simplified User's Guide to 1298, the 
Three-Phase Load Flow Program." Jackson, Michigan (1974), 
revised 1983. 
32. Consumers Power Company. "Simplified User's Guide to 1297, the 
Three-Phase Program." Jackson, Michigan (1974), revised 
1983. 
33. Dommel, H. W., and Dommel, I. I. "Transients Program User's 
Manual." Vancouver, B.C.: The University of British Columbia, 
1976, revised 1978. 
34. Dommel, H. W. "Digital Computer Solution of Electromagnetic 
• Transients in Single and Multiphase Networks." IEEE 
Transactions. PAS-88 (April 1969): 388-399. 
35. Dommel, H. W., and Meyer, W. S. "Computation of 
Electromagnetic Transients." Proc. IEEE Vol. 62 (July 1974): 
983-993. 
36. Shipley, R. B., Coleman, D. and Watts, C. F. "Transformer 
Circuits for Digital Studies." AIEE Transactions. (February 
1963): 1028-1031. 
134 
VIII. ACKNOWLEDGEMENTS 
The author wishes to express his gratitude to his major professor. 
Dr. A. A. Mahmoud, for his special encouragement and guidance. The 
author is most grateful to Dr. K. C. Kruempel, member of his committee, 
for his valuable suggestions throughout this research. Appreciation 
is extended to other members of the author's committee, Dr. R. E. Post, 
Dr. A. L. Day, and Dr. R. J. Lambert. 
Acknowledgement must be made to the Iowa Test and Evaluation 
Facility and the Power Affiliate Research Program for their financial 
support throughout this research. 
The author deeply appreciates the efforts of his typist, Gretchen 
Triplett, for typing this dissertation in such a short time. 
Special gratitude must be given to the author's parents for their 
understanding, patience, encouragement, and financial support ever 
since the author's arrival in the United States. 
Finally, the author wishes to express his deepest gratitude to 
his wife, Parirokh, for her understanding, patience, and support 
throughout this research. Further thanks go to the author's sons, 
Hossein and Amir Ardavan, whose smiles and love kept the author in 
peace and comfort through the most difficult days. God bless them 
all. 
135 
IX. APPENDIX I. COMPUTER PROGRAMS USED IN THE ANALYSES 
In this appendix, a brief description of the two major computer 
programs that were used in the analyses is presented. 
A. Three-Phase Loadflow Program 
Program description 
The three-phase loadflow program [4,31] calculates the loading 
of the network for the general case, e.g., various combinations of 
the network and bus loading. These combinations are as follows: 
1. Balanced network, balanced bus loading. 
2. Balanced network, unbalanced bus loading. 
3. Unbalanced network, balanced bus loading. 
4. Unbalanced network, unbalanced bus loading. 
The program will accommodate a network of up to 50 buses and 
200 elements (lines, shunts, transformers, and line chargings). Mutual 
coupling between lines is taken into account, but off-nominal tap 
ratios and tap changing under load for transformers are not provided 
for within the program. 
Gauss-Seidel's iterative scheme using the symmetrical component 
bus impedance model Zgyg forms the basis of solution within the program. 
Data for the program are supplied by its data file and by the three-phase 
bus impedance program [32]. 
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2" System representations 
Transmission line impedances and line chargings are computed 
by using the transmission line parameters program [29]. 
Each generator, along with its step-up power transformer, basically 
is represented by balanced voltages behind the machine's synchronous 
reactance and transformer reactance [4,31]. 
Loads are represented phase by phase as constant MVA. 
B. Electromagnetic Transient Program (EMTP) 
1^ . Program description 
EMTP is a steady state and transient state program that has been 
developed by Bonneville Power Administration [33]. This program can 
be used for one-phase and three-phase networks. The EMTP is capable 
of determining the steady-state phasor values of linear and nonlinear 
systems with a.c. sources at one frequency that can be used as initial 
conditions for electromagnetic transients. This program can also 
be used to obtain the frequency response of the network. For instance, 
the response of bus voltages, line voltage drops, line currents and 
power due to changes in frequency of the sources can be obtained. 
In particular, the EMTP can be adopted to study and analyze the 
electromagnetic transients due to certain disturbances such as lightning 
discharges, faults, and switching surges in the system. The program 
appears to allow for an arbitrary interconnection of the following 
power network elements [33]: 
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lumped representation of the network parameters 
multiphase multicircuit equivalency 
transposed and untransposed distributed parameter transmission 
lines (wave propagation is represented either as distortionless 
or lossy through lumped resistance approximations) 
nonlinear network elements, such as nonlinear resistances 
and inductances 
time-varying network elements 
switches with various switching criteria to simulate circuit 
breakers, spark gaps, diodes and other network connection 
changes 
voltage and current sources 
Frequently used functions, such as sinusoids, surges, steps and 
ramps, are built into the program. Any or a combination of these 
functions may be used in simulations, as voltage or current sources. 
2- Transmission line representation 
Distributed parameter transmission line models were used to represent 
all transmission lines in the transient analysis. 
a.. Completely transposed transmission lines Multiphase lines, 
in general, with distributed parameters are said to be "electromagnetical-
ly balanced" if the self-impedances of all phases are equal among 
themselves, and if all mutual impedances between phases are equal. Such 
lines are similarly called "electrostatically balanced" if the capacitance 
to ground of all phases are equal to each other, and if all capacitances 
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between phases are equal. The series impedance and shunt capacitance 
matrices of a completely balanced lines have the form 
-phase Zjh 
Zm 
Zm 
2c Zm 
'm 
•^ phase 
Cm 
Cm m 
Cm Cm ••• • Cg 
The balanced configuration allows for model decoupling by means 
of Karrenbauer's transformation [34,35]. The N-mutually-coupled equations 
in phase variables are converted into N-equivalent uncoupled one-phase 
equations which describe one ground return mode and N-1 line modes. 
The impedances of all N-1 line modes are identical. The diagonal 
matrices and in the modal domain can then be obtained 
from 
Zjnode  ^Zphase ^ i 
Cmode " ^i ^  Cphase 
(10 .1)  
(10 .2)  
where 
Tv = Ti = 
1 1 -
1 1-N • 
1 
1 
1-N 
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Tv r^ T.-i= i N 
- 1 
• 0 
1 0  - j  
N = number of phases 
The diagonalized matrices and C^ ode obtained from Eqs. 10.1 
and 10.2 have the form 
Zjnode 
-g 
'I • 
'% J 
Gmode '2 . 
% J 
Subscripts g and 2 stand for the ground return mode and line 
mode, respectively. The relationships between phase and mode quantities 
are then given by 
Zg = Zg + (N-l)Zm 
and 
Zi = Zs - Z^  
Similar relationships hold for capacitances. 
For a three-phase a.c. line, the ground return mode parameters 
are identical with the zero sequence parameters, and the line mode 
parameters are identical with the positive sequence parameters. 
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Using balanced matrices for double-circuit lines implies that: 
1) the two circuits are identical in conductor type and tower 
configuration; 2) that each circuit is transposed within itself; 
3) that coupling between the circuits exists only in the zero sequence. 
With these assumptions, the double circuit line would be described by a 
series impedance matrix of the form 
and a similar structure for Cpjj^ ge* The transposition scheme of 
Figure 58 would produce the matrix form (Eq. 10.3), provided both circuits 
have identical conductors and the tower configuration is symmetrical. 
It can be shown [35] that matrices of the kind in Eq. 10.3 can 
be decoupled by the transformation matrices 
Zs Zjj Zm I Zp Zp Zp 
Zp Zp Zp I Zg Zjj Z^  
Zp Zp Zp I Zg, Zg Zjj 
(10.3) 
Zp Zp Zp j Zjn Zjj Zg 
2 2 0 0 
0 0 
Tv = Tj . i 2 -4 1 0 0 
0 0 2 2 
0 0 I-1 -4 2 
0  0  | - 1  2 - 4  
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OZZDË BE 
FIGURE 58- Transposition scheme for double-circuit line, producing 
coupling in zero sequence only 
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b. Untransposed transmission lines For an untransposed 
transmission line, the self-impedances (capacitances) of all phases 
as well as their mutual impedances (capacitances) are no longer equal 
among themselves. However, the line constants' matrices are still 
symmetric. Modal decoupling is still possible, but the transformation 
matrices required for the diagonalization process are now a characteristic 
of the line configuration, and must be supplied by the user. The 
diagonal matrices and in the modal domain are obtained 
from Eqs. 10.1 and 10.2, where 
= Tv^  (10.4) 
with the columns of Ty being the eigenvectors of the matrix product 
(Zphase)(jwCphase) [33,35]. Voltages and currents in phase quantities 
are obtained from modal quantities with Ty and as follows: 
Iphase ~ T-ilgiode 
and 
Vphase ~ m^ode 
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The modal transformation matrix for the currents as well as the 
modal parameters R^ ode» Imode» and Cmo^ e not computed by the program 
and, therefore, must be supplied by the user. 
Equation A.4 seems to be valid only if all eigenvalues of the matrix 
product (Zphase)(jwCphase) are distinct. Since a balanced N-phase 
line has N-1 multiple eigenvalues, Eq. 10.4 will not be used. It is not 
valid, for instance, for symmetrical components applied to a balanced 
three-phase line, where 
TY = TI = A = a 
.2 
and 
Tv ,"1= T.-"^ = A"1 = — a 
.2 
1 
.2 
In general, modal surge impedances can be obtained by the square 
root of the ratio of the modal elements obtained from Eqs. 10.1 and 
10.2, that is. 
7 mode = 
s^urge 
where 
1%, L2, L3 = modal inductances 
C^, C2> C3 = modal capacitances 
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from 
Zmodei = Rf + juLi 
o^dei 
The phase surge impedance matrix then can be obtained by inverse 
transformation 
phase ^  mode _i 
p^hase s^urge 
3. Generator equivalents 
The internal induced voltages of generators are assumed to be 
balanced, while generators' terminal voltages depend on internal machine 
impedances and the imbalance in the machine currents. Generators 
are, therefore, represented by voltages behind the machine transient 
reactances (see Figure 59). 
Load representation 
Loads are represented as constant impedances to ground (see 
Figure 60). 
2' Transformer representation 
The model included in the EMTP takes into account the exciting 
currents. This model treats any N-winding one-phase transformer as 
N-coupled branches with branch impedance matrix Z = R+jwL. N-winding 
three-phase transformers are represented by three one-phase N-winding 
transformers [33]. In cases where transformers lie on the source 
side of the faulted or switched line (all winding connections may 
not be necessarily the same), such as in Figure 61a, the system behind 
the line could be represented as a simplified Thevenin equivalent [33]. 
This is shown in Figure 61b. 
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V /a 
POWER SYSTEM 
FIGURE 59. Generator equivalent 
R 4 X 
JL 1 
FIGURE 60. Load equivalent 
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JTTl 
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(b) 
FIGURE 61. Source equivalent: 
(a) transformers on the source side 
(b) positive, negative, and zero sequence equivalent 
circuits of Figure 61a 
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Caution should be used with the transformer model in the EMTP. 
The accuracy of this model for a small exciting current is questionable 
because the Z matrix is obtained from inversion of an almost singular 
Y matrix. If the exciting currents are ignored, which is often the 
case, the model available in EMTP cannot be used. 
Reference 36 describes a transformer model that ignores the exciting 
current and gives the equivalent admittance matrix. But, since the 
matrix is singular, it cannot be inverted and, therefore, that model 
cannot be incorporated into the EMTP either. Therefore, unless a 
better transformer representation is modeled, two-winding 
transformers will be modeled by their series impedances [3,28] per 
phase and three-winding transformers will be modeled as an equivalent 
star [28]. 
In short, to represent the generators and loads in EMTP, the 
following procedures are performed: 
1. Obtain the powers and voltages at the generation and load 
buses from the three-phase loadflow analysis. 
2. Knowing V, P, and Q at the generation buses and the machines' 
reactances, generators are represented by fictitious buses, 
one bus behind the generation buses (see Figure 59). 
3. Knowing V, P, and Q at load buses, loads are represented 
as constant impedances to ground (see Figure 60). 
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A computer program has been developed that reads in Zp^ ase» p^hase 
of transmission lines, generator terminal voltages, and loads P and Q per 
phase and writes out Rjnode' ^ mode» '^ ode transmission lines along 
with the transformation matrix Tj^ , equivalent sources, and load equivalent 
R and X. The format of this output matches the format of the EMTP input 
and, therefore, can be used directly as the input to EMTP. A listing 
of this program in presented in this appendix. 
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6. FORTRAN program to compute the transmission line modal quantities, 
generator and load equivalents 
C MAIN 
C 
1*11*11*1 *11*11*11*11*1 *11*11* *11*11*11* 1*11*1 *11*11*11*11*11* 1*1 * 1*11*11* *11*1 * I* * * * * I' *11*11*11*11*11*11* 1*11*11* 1*1 *11* 1*1 »I « « » [ ^ »» »• «*******#*#% é% «« «« «% #* «* «« «• •« •»»%«»«»«»#%•*#%#«««*«#»»**» «k ^ M 
C * FORTRAN PROGRAM TO COMPUTE THE MODAL PARAMETERS * 
C * OF UNTRANSPOSED TRANSMISSION LINES. IT ALSO * 
C * DETERMINES THE GENERATORS AND LOADS EQUIVALENTS. * 
C 
C 
C 
C THIS PROGRAM USES ZPHASE, CPHASE OF UNTRANSPOSED LINES, 
C (P+JQ)/PHASE AND VOLTAGES AT THE GENERATORS TERMINALS AND 
C LOADS TO COMPUTE RMODE, LMODE, CMODE ALONG WITH THE 
C CURRENT TRANSFORMATION MATRIX TI, GENERATORS EQUIVALENTS, 
C AND LOAD EQUIVALENT R'S AND X'S. 
C THE OUTPUT OF THIS PROGRAM CAN BE USED DIRECTLY AS A PART OF 
C THE INPUT TO EMTP. 
C 
C 
C 
REAL WK(6) 
COMPLEX TV(6,6),TVI(6,6),TVT(6,6),TI(6,6),WA(48),0UT(6,6) 
COMPLEX Z(6,6),Y(6,6),ZS(3,3) 
CHARACTER*6 NAME 
CHARACTER*70 CASE 
C 
C 
C 
C PHASE TO MODAL TRANSFORMATION "MOD" 
C M=NO. OF PHASES 
C FOR A BALANCED CASE, PUT CASE='BALANCE' 
C FOR AN UNBALANCED CASE, PUT CASE='UNBALANCE' 
READ(12,*)CASE 
WRITE(6,14)CASE 
10 READ(12,*)M 
IF(M.EQ.999)G0 TO 110 
READ(12,*)NAME 
WRITE(6,13)NAME 
CALL EIGENV(M,Z,Y,TV) 
CALL UNITY(M,TVI) 
CALL LEQ2C(TV,M,6,TVI,M,6,0,WA,WK,IER) 
DO 100 1=1,M 
DO 100 J=1,M 
100 TVT(I,J)=^ (J,I) 
CALL UNITY(M,TI) 
CALL LEQ2CCTVT,M,6,TI,M,6,0,WA,WK,IER) 
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WRITE(6,400) 
CALL WRITE0(M,TI) 
CALL MULT(6,6.6,M,M,M,TVI,Z,0UT) 
CALL MULT(6,6,6,M,M,M,0UT,TI,Z) 
WRITE(6,401) 
CALL WRITEO(M,Z) 
CALL MULT(6,6,6,M,M,M,TVT,Y,0UT) 
CALL MULT(6,6,6,M,M,M,0UT,TV,Y) 
WRITE(6,402) 
CALL WRITEO(M,Y) 
C 
C 
C EMTP FORMAT 
C 
C 
C 
C CONVERT MHOS/MI TO MICRO-MHOS/MI 
DO 399 1=1,M 
399 Y(I,I)=Y(I,I)*1000000. 
WRITE(6,452)NAME,NAME.REAL(Z(1,1)),AIMAG(Z(1,1)),AIMAG(Y(1,1)) 
WRITE(6,453)NAME,NAME,REAL(Z(2,2)),AIMAG(Z(2,2)),AIMAG(Y(2,2)) 
WRITE(6,454)NAME,NAME,REAL(Z(3,3)),AIMAG(Z(3,3)),AIMAG(Y(3,3)) 
IF(M.EQ.3)G0 TO 1000 
WRITE(6,456)NAME,NAME,REAL(Z(4,4)),AIMAG(Z(4,4)),AIMAG(Y (4,4 ) ) 
WRITE(6,457)NAME,NAME,REAL(Z(5,5)),AIMAG(Z(5,5)),AIMAGCY(5,5)) 
WRITE(6,458)NAME,NAME,REAL(Z(6,6)),AIMAG(Z(6,6)),AIMAG(Y(6,6)) 
1000 CONTINUE 
DO 451 1=1,M 
451 WRITE(6,455)(REAL(TI(I,J)),J=1,M) 
400 FORMAT(20X,'''i^ '^  TI MATRIX v^ -') 
401 FORMAT(20X,ZMODE OHMS/MI 
402 FORMAT(20X,'*** YMODE MHOS/MI 
452 F0RMAT(1X,'-1',A4,'A ',A4,'A ',12X,F6.4,F6.4,F6.2, 
1' ***.*',IX,'0') 
453 F0RMAT(1X,'-2',A4,'B ',A4,'B ',12X,F6.4,F6.4,F6.2, 
1' ***.*',1X,'0') 
454 F0RMAT(1X,'-3',A4,'C ',A4,'C ',12X,F6.4,F6.4,F6.2, 
1' ***.*', IX , ' 0 ' )  
456 F0RMAT(1X,'-4',A4,'A ',A4,'A *,12X,F6.4,F6.4,F6.2, 
1* ***.*',1X,'0') 
457 F0RMAT(lX,'-5',A4,'B ',A4,'B ',12X,F6.4,F6.4,F6.2, 
1' IX,'0') 
458 F0RMAT(1X,'-6',A4,'C ',A4,'C *,12X,F6.4,F6.4,F6.2, 
1' IX,'0') 
455 F0RMAT(1X,6F12.5) 
GO TO 10 
110 CONTINUE 
C 
C 
C 
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C INPUT: LOADS CONSTANT P,Q- OUTPUT: LOADS CONSTANT Z TO GROUND 
C 
READ(12,*)CASE 
IFCCASE.EQ.'BALANCE')G0 TO 105 
CALL SYSU 
GO TO 200 
105 CALL SYSB 
200 CONTINUE 
C 
C 
C 
C FIND THE EQUIVALENT SOURCE VOLTAGES 
C 
READ(12,*)NSRCE 
DO 300 1=1,3 
DO 300 J=l,3 
300 ZS(I,J)=(0.,0.) 
ZS(1,1)=(0.,.02) 
ZS(2,2)=(0.,.02) 
ZS(3,3)=(0.,.02) 
DO 301 I=1,NSRCE 
301 CALL SRCE(CASE,ZS) 
13 FORMAT(50X,'***',A5,' ***') 
14 FORMAT(50X,'***',A40,'***') 
STOP 
END 
C 
C 
C 
SUBROUTINE EIGENV(M,Z,Y,TV) 
COMPLEX A(6,6),EIGA(6),EIGB(6),TV(6,6),Z(6,6),Y(6,6),WK(6,12) 
COMPLEX B(6,6) 
WRITE(6,10) 
DO 100 1=1,M 
100 READ(12,*)(Z(I,J),J=1,I) 
DO 101 1=1,M 
DO 101 J=1,I 
101 Z(J,I)=Z(I,J) 
CALL WRITEO(M,Z) 
WRITE(6,12) 
DO 120 1=1,M 
120 READ(12,*)(Y(I,J),J=1,I) 
DO 102 1=1,M 
DO 102 J=1,I 
102 Y(J,I)=Y(I,J) 
CALL WRITE0(M,Y) 
CALL MULT(6,6,6,M,M,M,Z,Y,A) 
IA=6 
IB=6 
IZ=6 
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IJ0B=2 
CALL UNITY(M,B) 
CALL EIGZC(A,IB,B,IB,M,IJOB,EIGA,EIGB,TV,IZ,WK,INFER,IER) 
IF ( 1ER. NE. 0. OR. INFER. NE. 0 ) PRINT, ' IER= ',IER,' INFER= ', INFER " 
10 F0RMAT(20X,'*** Z MATRIX OHMS/MI ***') 
12 F0RMAT(20X,'*** Y MATRIX MHOS/MI ***') 
RETURN 
END 
C 
C 
c 
SUBROUTINE WRITEO(M,INPUT) 
COMPLEX INPUT(6,6) 
DO 100 1=1,M 
WRITE(6,400)(REAL(INPUT(I,J)),J=1,M) 
WRITE(6,400)(AIMAG(INPUT(I,J)),J=1,M) 
100 WRITE(6,401) 
400 FORMAT(10X,6(E15.6,2X)) 
401 FORMATC-') 
RETURN 
END 
C 
c 
c 
SUBROUTINE UNITY(N,B) 
COMPLEX B(6,6) 
DO 100 1=1,N 
DO 100 J=1,N 
IF(I.EQ.J)B(I,J)=(1.,0.) 
IF(I.NE.J)B(I,J)=(0.,0.) 
100 CONTINUE 
RETURN 
END 
C 
C 
c 
SUBROUTINE MULT(ID1,ID2,ID3,K1,K2,K3,MAT1,MAT2,OUT) 
COMPLEX MAT1(ID1,ID2),MAT2(ID2,ID3),0UT(ID1,ID3) ,SUM 
INTEGER L 
DO 95 1=1,K1 
DO 95 L=1,K3 
SUM=(0.,0.) 
DO 94 J=1,K2 
94 SUM=SUM+MAT1(I,J)*MAT2(J,L) 
OUT(I,L)=SUM 
95 CONTINUE 
RETURN 
END 
C 
C 
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C 
C 
SUBROUTINE SYSB 
REAL RE,IM 
CHARACTER'S NAME 
COMPLEX S 
READ(12,*)NL0AD 
C 
DO 200 I=1,NL0AD 
READ(12,*)NAME,S,V 
PP=REAL(S) 
QQ=AIMAG(S) 
FAC=100. "V'-V*1190.25/(PP*PP+QQ*QQ) 
RE=PP*FAC 
IM=QQ*FAC 
WRITE(6,1)NAME,RE,IM 
WRITE(6,2)NAME,RE,IM 
200 WRITE(6,3)NAME,RE,IM 
1 F0RMAT(3X,A5,'A',18X,2F6.1) 
2 F0RMAT(3X,A5,'B',18X,2F6.1) 
3 F0RMAT(3X,A5,'C',18X,2F6.1) 
RETURN 
END 
C 
C 
c 
SUBROUTINE SYSU 
COMPLEX S 
REAL V,R,X,P,Q 
CHARACTER--6 NAME 
C 
READ(12,*)NL0AD 
DO 100 I=1,NL0AD 
DO 100 J=l,3 
READ(12,*)NAME,S,V 
P=REAL(S) 
Q=AIMAG(S) 
FAC=(100./3.)*V*V*1190.25/(P*P+Q*Q) 
R=FAC*P 
X=FAC*Q 
IF(J.EQ.1)G0 TO 20 
IFCJ.EQ.2)G0 TO 30 
WRITE(6,3)NAME,R,X 
GO TO 100 
20 WRITE(6,1)NAME,R,X 
GO TO 100 
30 WRITE(6,2)NAME,R,X 
100 CONTINUE 
1 F0RMAT(3X,A5,'A',18X,2F6.1) 
2 F0RMAT(3X,A5,'B',18X,2F6.1) 
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3 F0RMAT(3X,A5,'C',18X,2F6.1) 
RETURN 
END 
SUBROUTINE SRCE(CASE,ZS) 
REAL MAGI(3),MAGV(3),ANGI(3),ANGV(3) 
COMPLEX VLV(3),VHV(3),CI(3),ZS(3,3) 
CHARACTER*70 CASE 
CHARACTER*6 NAME 
VBASE=281.691 
FREQ=60. 
READ(12,*)NAME 
IF(CASE.EQ.'BALANCE')GO TO 100 
READ(12,*)(MAGI(I),ANGI(I),1=1,3) 
READ(12,*)(MAGV(I),ANGV(I),1=1,3) 
GO TO 200 
100 READ(12,*)MAGI(1),ANGI(1) 
READ(12,*)MAGV(1),ANGV(1) 
DO 150 1=2,3 
MAGI(I)=MAGI(1) 
MAGV(I)=MAGV(1) 
IF(I.EQ.2)ANGI(I)=ANGI(1)-120. 
IF(I.EQ.3)ANGI(I)=ANGI(1)+120. 
IF(I.EQ.2)ANGV(I)=ANGV(1)-120. 
150 IF(I.EQ.3)ANGV(I)=ANGV(1)+120. 
200 CALL RECT(MAGI,ANGI,CI) 
CALL RECT(MAGV,ANGV,VHV) 
CALL MULT(3,3,1,3,3,1,ZS,CI,VLV) 
DO 10 1=1,3 
10 VLV(I)=(VLV(I)+VHV(I))*VBASE 
CALL POLAR(3,VLV,MAGV,ANGV) 
WRITE ( 6,20 ) NAME, MAGV ( 1 ), FREQ, A.NGV ( 1 ) 
WRITE(6,21)NAME,MAGV(2),FREQ,ANGV(2) 
WRITE(6,22)NAME,MAGV(3),FREQ,ANGV(3) 
20 FORMAT(IX,'14',A5,'A',2X,F10.3,F10.2,F10.3,25X,'-1.') 
21 F0RMAT(1X,'14',A5,'B',2X,F10.3,F10.2,F10.3,25X,'-1.') 
22 F0RMAT(1X,'14',A5,'C',2X,F10.3,F10.2,F10.3,25X,'-1.') 
RETURN 
END 
C 
C 
C 
SUBROUTINE RECT(MAG,ANG,Z) 
REAL MAG(3),ANG(3),IM,R 
COMPLEX Z(3) 
PI=3.1415927 
DO 100 1=1,3 
ANG(I)=ANG(I)*PI/180. 
R=MAG(I)*COS(ANG(I)) 
IM=MAG(I)*SIN(ANG(I)) 
100 Z(I)=CMPLX(R,IM) 
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RETURN 
END 
C 
C 
C 
SUBROUTINE POLAR(M,INPUT,MAG,ANG) 
REAL MAG(M),ANG(M) 
COMPLEX INPUT(M) 
PI=3.1415926 
DO 200 1=1,M 
RI=REAL(INPUT(I)) 
AI=AIMAG(INPUT(I)) 
MAG(I)=SQRT(RI**2+AI**2) 
IF(RI.EQ.O.)GO TO 49 
ANG(I)=ATAN2(AI,RI) 
ANG(I)=ANG(I)*180./PI 
GO TO 200 
49 IF(AI.EQ.O.)ANG(I)=0. 
IF(AI.NE.0.)ANG(I)=90. 
200 CONTINUE 
RETURN 
END 
C 
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X. APPENDIX II. SYSTEM REDUCTION METHOD 
A. FORTRAN Program Listings 
C MAIN PROGRAM 
C 
« « . .» -«  »  »  «  *  I»  « ,1»  I»  I  »  «  *  # *  #  * - •*-**-  *11*11*11*11*11*11*1 *11* * « » « » » • » » » » » » » « « • « »  
C * SYSTEM REDUCTION METHOD FORTRAN PROGRAM * 
.«  « • • .»  » *L*J*II*JL*I*I I*  *J*  *J*  *  '  * *  *  *- •*  *  *  »-«  « »  » .«  « »  «  «  »  #  #  E «  »  «  «  «  »  
«• ** •« «» •« •» »% «» #* «» •» «•«««»«« «« *% •» #» #» »% «% «% «» •» «• #»***%#**%#»»»*»*%#*#»#* •* 
C 
INTEGER P,Q,R,S,EM,ES,NODES(300,2),ME(20,2),TYP3(50),MTP(20) 
INTEGER T1,M,N,TP(300),L,NODE3(65,2),ME3(10,2),MFLAG,ESN 
INTEGER SIGN,LVBUS,HVBUS,OUTTP,INFO 
COMPLEX ZS,ZM,YBUS(86,86),WA(8280) 
COMPLEX YM,NYSS(3,3),BC(195),DET,VL(3,1),MATT(3,3),MAT6(6,6) 
COMPLEX YBUS0(85,85),YNEW(85,85),Z1(85,85),Z2(85,1) 
COMPLEX Z3(l,85) 
COMPLEX ZNEW(85,85),ZTl,ZTM2,HVOLT(3),YTl,YTM2 
COMPLEX IGEN(3),IGENT(3),GV0LT(3),HV0LTT(3),SS(3) 
COMPLEX ZZ,TZ(300),YBUS1(85,85) 
COMPLEX ZSS(3,3),YSS(3,3),Y3F1(195,195),ZMUT(63,63) 
COMPLEX ZZ1(3,3),YMUT(63,63),YPQ(3,3),YM1(3,3),YM2(3,3),YRS(3,3) 
COMPLEX NYRS(3,3),NYPQ(3,3),NYM1(3,3),NYM2(3,3) 
COMPLEX ZZS1(3,3),ZZM1(3,3),ZZM2C3,3),ZZS2(3,3) 
COMPLEX STYPO(IOO),STYP1(100),STYP2(100),MTYP(10) 
COMPLEX YBUS2(85,85) 
COMPLEX Y3F2(240,240) ,VG(150,1) ,V(90,1) ,W(3) ,VGG(50) 
COMPLEX Y1V(90,90),Y1VI(90,90),Y0UT3(90,150) 
COMPLEX STYP3(50,3,3),MTYP3(10,6,6),Y2V(90,150) 
COMPLEX ZT(40,40),YT(40,40),YTYP3(50,3,3),DV(3) 
COMPLEX VW(3,30) ,ILINE(3) ,ILENT(3) ,0UT1(3) ,0UT2(3) 
COMPLEX VWT(3,30) ,WT(3) ,P0WER(3) ,YMTYP3(63,63) 
COMPLEX YBUS11(65,65),YBUS22(65,65),YBUSOD(65,65) 
COMPLEX SA,SB.SC,YY(3,3),AI(3,3),A(3,3),0UTT(3,3) 
REAL WK(63),MAG(90),ANG(90),MAGI(3),MAGV(3),ANGI(3),ANGV(3) 
REAL ILEN,IILEN(240),IMLEN(10) 
REAL*8 TITLE(10),NAME(35) 
•COMMON BMVA 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
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C PROGRAM GOALS: 
C 
C PHASE 1: COMPUTING THE EQUIVALENT YBUS FOR THE 
C SYSTEM OUTSIDE THE STUDY AREA WHICH IS 
C ASSUMED TO BE BALANCED. 
C IT COMPUTES 3 SEQUENCE YBUSES, REDUCES EACH BY FAST 
C KRON REDUCTION METHOD TAKING ADVANTAGE OF SYMMETRIC AND SPARSE 
C Y MATRICES, THEN COMBINES THEM TO MAKE 3-PHASE YBUS 0,1,2. 
C THE REDUCED MATRIX REPRESENTS THE EQUIVALENCE OF THE SYSTEM 
C OUTSIDE THE STUDY AREA. 
C 
C PHASE 2: COMPUTING THE STUDY AREA YBUS 
C THE EQUIVALENT YBUS WILL BE MODIFIED BY ADDING INSIDE OF THE 
C STUDY AREA ELEMENTS TO EDGES OF STUDY AREA INCLUDING ALL THE 
C LOADS WHICH AE REPRESENTED BY THE ADMITTANCE MATRICES. 
C THE NEW MODIFIED YBUS REPRESENTS THE FINAL FORM OF THE SYSTEM 
C YBUS. 
C PHASE 3: ESTIMATE UNBALANCES IN THE REGION OF INTEREST 
C 
C BY APPLYING THE POSITIVE SEQUENCE VOLTAGES AT THE INTERNAL NODES 
C OF THE GENERATORS, VOLTAGES, CURRENTS, AND POWER FLOWS INSIDE OF 
C STUDY AREA CAN BE COMPUTED. 
C 
C 
C PRINTOUT OPTIONS : 
C INF0=0 PRINT ONLY THE UNBALANCES AT THE GENERATORS HIGH 
C VOLTAGE BUSES. 
C INF0=1 PRINT INFO=0 OPTION PLUS LINE FLOWS INFORMATION . 
C 
C 
c 
c 
c 
C INTEGER P,Q,R,S,EM,ES,N0DES(NE,2),ME(N0C,2),TYP3(INTP),MTP(N0C) 
C INTEGER T1,M,N,TP(NE),L,N0DE3(NE3,2),ME3(N0C3,2),MFLAG,ESN 
C INTEGER SIGN,LVBUS,HVBUS,OUTTP 
C COMPLEX ZS,ZM,YBUS(NBB,NBB),WA(NWA) 
C COMPLEX YM,NYSS(3,3),BC(N13F),DET,VL(3,1),MATT(3,3),MAT6(6,6) 
C COMPLEX YBUS0(NB,NB),YNEW(NB,NB),Z1(NB,NB),Z2(NB,1),Z3(1,NB) 
C COMPLEX ZNEW(NB,NB),ZT1,ZTM2,HV0LT(3),YT1,YTM2 
C COMPLEX IGEN(3),IGENT(3),GV0LT(3),HV0LTT(3),SS(3) 
C COMPLEX ZZ,TZ(NE),YBUS1(NB,NB),Z(NT,NT) 
C COMPLEX ZSS(3,3),YSS(3,3),Y3F1(N13F,N13F),ZMUTCMAX.NMM*NMM) 
C COMPLEX ZZ1(3,3),YMUT(MAX.NMM*NMM),YPQ(3,3),YM1(3,3) 
C COMPLEX YM2(3,3),YRS(3,3) 
C COMPLEX NYRS(3,3),NYPQ(3,3),NYM1(3,3),NYM2(3,3) 
C COMPLEX ZZS1(3,3),ZZM1(3,3),ZZM2(3,3),ZZS2(3,3) 
C COMPLEX STYPO(OUTTP) ,STYP1(0UTTP) ,STYP2(0UTTP),MTYP(0UTMTP) 
C COMPLEX YBUS2(NB,NB) 
C COMPLEX Y3F2(NT3,NT3),VG(NGEN3,1),V(NB3,1),VV(3),VGG(IGN) 
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C COMPLEX Y1V(NB3,NB3),Y1VI(NB3,NB3),Y0UT3(NB3,NGEN3) 
C COMPLEX STYP3(INTP,3,3),MTYP3(0UTMTP,6,6),Y2V(NB3,NGEN3) 
C COMPLEX ZT(NM,NM),YT(NM,NM),YTYP3(INTP,3,3),DV(3) 
C COMPLEX VW(3,NSB),ILINE(3),ILENT(3),0UT1(3),0UT2(3) 
C COMPLEX VVVT(3,NSB),WT(3),P0WER(3),YMTYP3(MAX.NMM*NMM) 
C COMPLEX YBUS11(N1,N1),YBUS22(N1,N1),YBUSOO(N1,N1) 
C COMPLEX SA,SB,SC,YY(3,3),AI(3,3),A(3,3),0UTT(3,3) 
C REAL WK(NE),MAG(NB3),ANG(NB3),MAGI(3),MAGV(3),ANGI(3),ANGV(3) 
C REAL ILEN, IILEN (NE3 ), IMLEN (N0C3 ) 
C CHARACTER*80 TITLE 
C CHARACTER*8 NAME(NBG3) 
C 
C 
C 
C DEFINITION OF INDICES : OUTSIDE OF STUDY AREA 
C 
C NE-TOTAL NO. OF ELEMENTS OUTSIDE OF THE STUDY AREA (LINES 
C SERIES IMPEDANCES, SHUNTS, MUTUAL IMPEDANCES, TRANSFORMERS 
C LEAKAGE REACTANCES, ETC.) 
C NOC-NO. OF COUPLED ELEMENTS 
C OUTTP-TOTAL NO. OF ELEMENT TYPES ENTERED 
C Nl-NO. OF NODES OF THE EDGE OF STUDY AREA PLUS NO. OF GENERATOR 
C NODES (ESN+IGN) 
C IGN-TOTAL NO. OF GENERATORS INSIDE & OUTSIDE OF STUDY AREA 
C NT-TOTAL NO. OF BUSES IN THE SYSTEM INCLUDING GEN. INTERNAL NODES 
C NWA-DIMENSION OF COMPLEX WORK AREA (MAX.NMM*(NMM+2)) 
C NB-TOTAL NO. OF BUSES IN THE SYSTEM INCLUDING GEN. INTERNAL NODES 
C EXCLUDING THE NODES INSIDE OF THE STUDY AREA (NB=NT-ISN) 
C NM-NO. OF MUTUALLY COUPLED ELEMENTS=N0C*2 
C NBB=NB+1 
C OUTMTP-NO. OF MUTUAL ELEMENT TYPES OUTSIDE OF STUDY 
C STUDY AREA 
C 
C 
C 
C DEFINITION OF TERMS USED : INSIDE OF STUDY AREA 
C 
C NSB-NO. OF STUDY AREA BUSES (EDGE BUSES PLUS INSIDE NODES;I.E. 
C ESN+ISN) 
C ESN-NO. OF NODES ON THE EDGE OF STUDY AREA 
C ISN-NO. OF NODES INSIDE OF STUDY AREA 
C INTP-NO. OF ELEMENT TYPES ENTERED 
C N0C3-N0. OF COUPLINGS 
C N13F-3*(N0. OF NODES RETAINED EXCLUDING THE NODES INSIDE OF STUDY) 
C AREA)=3*(ESN+IGN)=3*N1 
C NT3-3*(T0TAL NO. OF NODES RETAINED)=N13F+3*ISN 
C IGN3-3*(T0TAL NO. OF GENERATOR INTERNAL NODES)=3*IGN 
C NB3-3*(N0. OF STUDY AREA BUSES )=3*NSB 
C NE3-TOTAL NO. OF ELEMENTS INSIDE OF THE STUDY AREA (LINES 
C SERIES IMPEDANCES, SHUNTS, MUTUAL IMPEDANCES, TRANSFORMERS 
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C LEAKAGE REACTANCES, ETC.) 
C NMM=NM3*3-2+5 
C NM3-N0. OF MUTUALLY COUPLED ELEMENTS=N0C3*2 
C SIGN-NO. OF GENERATORS INSIDE OF STUDY AREA 
C NBG3-TOTAL NO. OF NODES AND GENERATORS INSIDE OF STUDY AREA 
C =ESN+ISN+SIGN 
C 
C 
C 
C 
C 
READ(12,2999)(TITLE(I),1=1,10) 
READ(12,2000)BMVA,INFO 
READ(12,2021)NT,NE,NOC,NM,IGN,OUTTP 
READ(12,2021)NE3,N0C3,INTP,ESN,ISN,SIGN 
READ(12,2002)NLINE,NLCHS,NLCHM 
N1=ESN+IGN 
NWA=NE*(NE+2) 
NB=NT-ISN 
NBB=NB+1 
NSB=ESN+ISN 
N13F=N1*3 
NT3=N13F+3*ISN 
NGEN3=3*IGN 
NB3=3*NSB 
NBG3=ESN+ISN+SIGN 
C 
C 
c 
WRITE(6,7)(TITLE(I),I=1,10) 
7 FORMAT(IX,10A8) 
WRITE(6,1299) 
WRITE(6,1299) 
C 
C 
C TYPES OF DATA INFORMATION IN THE STUDY AREA 
C 
C 1ST. LINE TYPES & Y012 - NLINE 
C 2ND. TYPE & SELF LINE CHARGINGS 1/2Y012 - NLCHS 
C 3RD. TYPE & MUTUAL LINE CHARGING 1/2Y012 - NLCHM 
C 4TH. TYPE & LOAD COMPLEX UNBALANCE POWER PHASE SEQ- A,B, C 
C INSIDE AND OUTSIDE OF STUDY IF ANY. 
C 
C 
C 
C WV(3,M2)- VWT(3,M2) -NSE: NO. OF LINES IN THE STUDY AREA 
C STYP3 & YTYP3(£F SELF TYPES IN STUDY,3,3)-TYP3(NSE) 
C MTYP3(&F MUTUAL TYPES IN STUDY) 
C 
C NT-TOTAL NO. OF SYSTEM NODES 
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C ISN-NO. OF NODES INSIDE OF STUDY AREA 
C ESN-NO. OF NODES AT THE EDGE OF STUDY AREA 
C IGN-TOTAL NO. OF INTERNAL GENERATOR NODES 
C SIGN-TOTAL NO. OF INSIDE OF STUDY AREA INTERNAL GEN. NODES 
C NE-TOTAL NO. OF ELEMENTS 
C NM-NO. OF MUTUALLY COUPLED ELEMENTS 
C NOC-NO. OF COUPLINGS 
C INFO-OUTPUT INFORMATION: LINES I,P,Q. 
C 0: NO 
C 1: YES 
C 
NB=NT-ISN 
N=NE 
NS1=NB+1 
NS2=N*(N+2) 
IN=(ISN+ESN+IGN)*3 
N1=ESN+IGN 
N13F=3-"-Nl 
C 
C 
C ENTER THE TYPE OF ELEMENTS AND THEIR CORRESPONDING IMPEDANCES 
C OUTSIDE OF STUDY 
G 
C 
C 
C STYP0,1,2- CONTAINS 0,1,2 ELEMENTS OUTSIDE OF STUDY AREA 
C IN PU OHMS/MILES 
C 
IIMUT=0 
WRITE(6,1400) 
1400 FORMATd',30X,'ELEMENTS OUTSIDE THE STUDY AREA*) 
WRITE(6,1401) 
1401 FORMATCO',30X,'SELF IMPEDANCES IN PU OHMS/MILES') 
WRITE(6,1403) 
1403 F0RMAT('-',6X,'TYPE',10X,'R0 ',5X,'X0 ',6X,'R1 
15X,'X1 ',5X,'R2 ',6X,'X2 ') 
DO 11 I=1,0UTTP 
STYP0(I)=(0.,0.) 
STYP1(I)=(0.,0.) 
11 STYP2(I)=(0.,G.) 
DO 12 1=1,3 
12 MTYP(I)=(0.,0.) 
13 READ(12,2023)ITYPE 
IF(ITYPE.EQ.99999)G0 TO 998 
READ(12,2004)STYPO(ITYPE),STYPl(ITYPE),STYP2(ITYPE) 
WRITE (6,1404) ITYPE, STYPO ( ITYPE) , STYPl (ITYPE) , STYP2 (ITYPE) 
1404 FORMATCO' ,I9,10X,E9.2,2X,E9.2,3X,E9.2,2X,E9.2,2X,E9.2,3X,E9.2) 
GO TO 13 
C 
C 
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C 
C 
C FIND LOADS Z EQUIVALENT TO GROUND. 
C 
C PP & QQ ARE 3-PHASE MW AND MVAR POWER (§ LOAD 
C VOLT IS THE VOLTAGE MAGNITUDE (§ LOAD 
C 
998 CONTINUE 
C 
READ(12,2005)ITYPE,PP,QQ,VOLT 
IF(ITYPE.EQ.99999)GO TO 15 
FAC=BMVA*VOLT^ -VOLT/(PP'-PP+QQ^ -QQ) 
RR=PP*FA C 
XX=QQ*FA C 
STYPO(ITYPE)=CMPLX(RR,XX) 
STYP1(ITYPE)=STYPO(ITYPE) 
STYP2(ITYPE)=STYPO(ITYPE) 
WRITE(6,1404)ITYPE,STYPO(ITYPE) ,STYP 1 (ITYPE) ,STYP2(ITYPE) 
GO TO 998 
15 CONTINUE 
WRITE(6,1405) 
1405 FORMATC-',37X,'MUTUAL IMPEDANCES IN PU OHMS/MILES') 
WRITE(6,1406) 
1406 FORMATC'0',6X,'TYPE',28X,'R0 ',5X,'XO ') 
995 READ(12,2023)ITYPE 
IF(ITYPE.EQ.99999)GO TO 999 
IIMUT=IIMUT+1 
READ(12,2006)MTYP(ITYPE) 
WRITE(6,1407)ITYPE,MTYP(ITYPE) 
1407 FORMATCO' ,I9,29X,E9.2,4X,E9.2) 
GO TO 995 
C 
C 
C 
C 
C 
C ENTER THE TYPE OF ELEMENTS AND THEIR CORRESPONDING IMPEDANCES 
C INSIDE OF STUDY 
C 
C 
999 CONTINUE 
IF(IIMUT.NE.O)GO TO 1000 
WRITE(6,1408) 
1408 FORMAT(*0',8X,'0',29X,'0.00',4X,'0.00') 
1000 CONTINUE 
WRITE(6,1409) 
1409 FORMAT('-',30X,'ELEMENTS INSIDE OF THE STUDY AREA') 
WRITE(6,1410) 
1410 FORMATC'0',6X,'TYPE',26X,'Z012 IN PU OHMS/MILES ') 
44 READ(12,2023)ITYPE 
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IF(ITYPE.EQ.99999)G0 TO 155 
CALL READ3(50,ITYPE,3,STYP3) 
WRITE(6,1411)ITYPE 
1411 F0RMAT('0',I9) 
DO 1413 1=1,3 
WRITE (6, U12) (STYP3 (ITYPE, I, J) , J=1,3) 
1412 F0RMAT('0',23X,3(E9.2,2X,E9.2,4X)) 
1413 CONTINUE 
GO TO 44 
155 CONTINUE 
READ(12,2008)ITYPE,SA,SB,SC,VOLT 
IF(ITYPE.EQ.99999)GO TO 156 
FAC=VOLT*VOLT:''BNVA/ 3. 
DO 1515 IK=1,3 
DO 1515 JK=1,3 
YY(IK,JK)=(0.,0.) 
AI(IK,JK)=(1.,0.) 
1515 A(IK,JK)=(1.,0.) 
YY(1,1)=C0NJG(SA)/FA C 
YY(2,2)=C0NJG(SB)/FA C 
YY(3,3)=C0NJG(SC)/FA C 
AI(2,2)=(-.5,.866025) 
AI(3,3)=AI(2,2) 
A(2,3)=AI(2,2) 
A(3,2)=A(2,3) 
AI(2,3)=(-.5,-.866025) 
AI(3,2)=AI(2,3) 
A(2,2)=AI(3,2) 
A(3,3)=A(2,2) 
CALL MULT(3,3,3,3,3,3,AI,YY,0UTT) 
CALL MULT(3,3,3,3,3,3,0UTT,A,YY) 
DO 1516 IK=1,3 
DO 1516 JK=1,3 
1516 STYP3(ITYPE,IK,JK)=YY(IK,JK)/3. 
WRITE(6,1411)ITYPE 
DO 1517 IK=1,3 
1517 WRITE(6,1412)(STYP3(ITYPE,IK,JK),JK=1,3) 
GO TO 155 
156 CONTINUE 
IFLAG3=0 
WRITE(6,1415) 
1415 FORMATC'-',6X,'TYPE',40X,'MUTUAL IMPEDANCE MATRIX- 0,1,2', 
12X,'PU OHMS/MILES') 
55 READ(12,2023)MTYPE 
IF(MTYPE.EQ.99999)G0 TO 1999 
WRITE(6,1422)MTYPE 
IFLAG3=1 
CALL READ3(10,MTYPE,6,MTYP3) 
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DO 1419 1=1,6 
1419 WRITE(6,1420)(MTYP3(MTYPE,I,J),J=1,6) 
GO TO 55 
1420 FORMAT('0',5X,6(E9.1,1X,E9.1,2X)) 
1422 FORMT('OM9) 
C 
C 
C 
1999 CONTINUE 
C 
IF(IFLAG3.NE.0)G0 TO 2001 
WRITE(6,2003) 
2003 F0RMAT('-',23X,'™ THERE IS NO MUTUAL COUPLING INSIDE OF', 
1' THE STUDY AREA*) 
2001 CONTINUE 
C 
C 
C 
C 
C 
IF(NM.EQ.0)NM=1 
CALL YBUSSO(300,20,86,8280,85,40,N,NB,NM,NS1,NS2,ESN,ISN,NODES, 
IME,YBUS,WA,WK,ZT,YT,NOC,STYPO,MTYP,YBUS 0) 
WRITE(6,900) 
900 FORMATC-',5X,'CONNECTING NODES',3X,'TYPE',4X,'L, MILES',2X, 
1'POSITIVE SEQ. IMPEDANCES IN PU OHMS') 
WRITE(6,899) 
899 FORMATC'0',40X,'Rl',9X,'XI') 
CALL YBUSS1(85,NB,ESN,ISN,STYP1,YBUS1) 
WRITE(6,901) 
901 FORMATC'-',5X,'CONNECTING NODES',3X,'TYPE',8X, 
1'NEGATIVE SEQ. IMPEDANCES IN PU OHMS') 
WRITEC6,891) 
891 FORMATC'0',40X,'R2',9X,'X2') 
CALL YBUSSlC85,NB,ESN,ISN,STYP2,YBUS2) 
C 
C 
C REDUCTION PROCEDURE. RETAINS THE 1ST N1=ESN+IGN NODES 
C 
C 
C 
K=NB 
43 CALL KR0N3 C85,NB,K,ITEST,YBUSO) 
IF CITEST.EQ.l)GO TO 4444 
K=K-1 
IFCK.GT.N1)G0 TO 43 
K=NB 
45 CALL KR0N3C85,NB,K,ITEST,YBUS1) 
IF CITEST.EQ.1)G0 TO 4444 
K=K-1 
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IF(K.GT.N1)G0 TO 45 
K=NB 
46 CALL KR0N3(85,NB,K,ITEST,YBUS2) 
IF (ITEST.EQ.l)GO TO 4444 
K=K-1 
IF(K.GT.N1)G0 TO 46 
DO 14 1=1,N1 
DO 14 J=1,N1 
YBUSOO(I,J)=YBUSO(I,J) 
YBUS11(I,J)=YBUS1(I,J) 
14 YBUS22(I,J)=YBUS2(I,J) 
C 
C NEW YBUSO YBUSl YBUS2 ARE NOW CONSTRUCTED. BUILD YBUSO12 
C FROM THESE (Y3F1). 
C 
CALL YBUS3F(65,195,N13F,N1,YBUSOO,YBUS11,YBUS22,Y3F1) 
C 
C MAKE ROOM FOR THE INSIDE OF STUDY NODES. 
C 
M1=ESN 
M2=M1+ISN 
III=ESN+ISN+SIGN 
M3=N1+ISN 
M13F=3*M1 
M23F=3*M2 
M33F=3*M3 
IGN3=3*IGN 
IS1=M13F+1 
IS2=M23F+1 
DO 26 I=IS1,M33F 
DO 26 J=1,M33F 
Y3F2(I,J)=(0.,0.) 
26 Y3F2(J,I)=(0.,0.) 
DO 27 I=1,M13F 
DO 27 J=1,M13F 
27 Y3F2(I,J)=Y3F1(I,J) 
II=M13F 
DO 28 I=IS2,M33F 
11=11+1 
JJ=0 
DO 28 J=1,M13F 
JJ=JJ+1 
Y3F2(I,J)=Y3F1(II,JJ) 
28 Y3F2(J,I)=Y3F1(JJ,II) 
II=M13F 
DO 29 I=IS2,M33F 
11=11+1 
JJ=M13F 
DO 29 J=IS2,M33F 
JJ=JJ+1 
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29 Y3F2(I,J)=Y3F1(II,JJ) 
C 
C 
C Y3F2 IS NOW CONSTRUCTED. 
C START READING INSIDE THE STUDY DATA. 
C 
C 
C 
C ENTER THE MUTUALLY COUPLED ELEMENTS 
C 
NM=0 
MFLAG=0 
C 
C READ THE MUTUAL IMPEDANCE MATRICES AND BUILD THE MUTUAL Z MATRIX 
C THEN FIND MUTUAL Y MATRIX 
C 
C ZMUT- PRIMITIVE MATRIX FOR MUTUAL COUPLING. 3*NME BY 3*NME 
C YMUT- ZMUT INVERSE 
C ME3- STORES THE MUTUAL ELEMENTS ES & EM. (NM,2) 
C N0DE3- STORES THE NODES OF ES & EM. (NME,2) 
C NME- NO. OF ELEMENTS COUPLED TOGETHER. NM- NO. OF COUPLINGS 
C 
READ(12,2023)NME 
NB=M3 
INME=NME*3 
IN=NB*3 
10 READ(12,2012)ES,R,S,EM,P,Q,MTYPE,ILEN 
IF(ES.EQ.99999)G0 TO 1100 
MFLAG=1 
NM=NM+1 
IS=NM*3-2 
IE=IS+5 
11=0 
DO 313 I=IS,IE 
11=11+1 
JJ=0 
DO 313 J=IS,IE 
JJ=JJ+1 
313 ZMUT(I,J)=MTYP3(MTYPE,II,JJ)*10000. 
N0DE3(ES,1)=R 
N0DE3(ES,2)=S 
N0DE3(EM,1)=P 
N0DE3(EM,2)=Q 
ME3(NM,1)=ES 
ME3(NM,2)=EM 
IMLEN(NM)=ILEN 
MTP(NM)=MTYPE 
GO TO 10 
1100 CONTINUE 
IF(MFLAG.EQ.O)GO TO 1120 
166 
C 
C 
C 
CALL UNITY(63,INME,YMUT) 
CALL LEQ2C(ZMUT,INME,63,YMUT,INME,63,0,WA,WK,1ER) 
NMC=NM*3+3 
DO 4411 IT=1,NM C 
DO 4411 JT=1,NM C 
4411 YMTYP3(IT,JT)=YMUT(IT,JT)*10000. 
C ENTER THE UNCOUPLED ELEMENTS 
C 
NSE=0 
34 READ(12,2010)ES,P,Q,ITYPE,ILEN 
IF(ES.EQ.99999)60 TO 1002 
ES=ES+NME 
CALL EQUAL3(50,ITYPE,3,STYP3,ZSS) 
IILEN(ES)=ILEN 
IF(P.EQ.O)GO TO 121 
CALL UNITY(3,3,YSS) 
CALL LEQ2C(ZSS,3,3,YSS,3,3,0,WA,WK,IER) 
DO 35 1=1,3 
DO 35 J=l,3 
35 YTYP3(ITYPE,I,J)=YSS(I,J) 
DO 7777 1=1,3 
DO 7777 J=l,3 
7777 YSS(I,J)=YSS(I,J)/ILEN 
CALL NEG(3,YSS,NYSS) 
CALL ADD(240,P,Q,IN,NYSS,Y3F2) 
CALL ADD(240-,P,P,IN,YSS,Y3F2) 
CALL ADD(240,Q,Q,IN,YSS,Y3F2) 
CALL ADD(240,Q,P,IN,NYSS,Y3F2) 
NSE=NSE+1 
N0DE3(ES,1)=P 
N0DE3(ES,2)=Q 
TYP3(ES)=ITYPE 
GO TO 34 
121 CONTINUE 
DO 3349 IIZ=1,3 
DO 3349 JJZ=1,3 
3349 •ZSS(IIZ,JJZ)=ZSS(IIZ,JJZ)*ILEN 
CALL ADD(240,Q,Q,IN,ZSS,Y3F2) 
GO TO 34 
C 
1002 CONTINUE 
C 
C 
C THREE-PHASE MUTUAL CONSIDERATION 
C 
DO 203 1=1,NM 
ES=ME3(I,1) 
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EM=ME3(I,2) 
R=N0DE3(ES,1) 
S=N0DE3(ES,2) 
P=N0DE3(EM,1) 
Q=N0DE3(EM,2) 
ILEN=IMLEN(I) 
CALL PART(63,3,3,NMC,ES,ES,YRS,YMrYP3) 
CALL PART(63,3,3,NMC,ES,EM,YM1,YMTYP3) 
CALL PART(63,3,3,NMC,EM,ES,YM2,YMTYP3) 
CALL PART(63,3,3,NMC,EM,EM,YPQ,YMTYF3) 
DO 4422 11^ 1,3 
DO 4422 JT=1,3 
YRS(IT,JT)=YRS(IT, JT)/ILEN 
YMl(IT,JT)=YM1(IT,JT)/ILEN 
YM2(IT,JT)=YM2(IT,JT)/ILEN 
4422 YPQ(IT,JT)=YPQ(IT,JT)/ILEN 
CALL NEG(3,YPQ,NYPQ) 
CALL NEG(3,YM1,NYM1) 
CALL NEG(3,YM2,NYM2) 
CALL NEG(3,YRS,NYRS) 
CALL ADD(240,P,P,IN,YPQ,Y3F2) 
CALL ADD(240,Q,Q,IN,YPQ,Y3F2) 
CALL ADD(240,R,R,IN,YRS,Y3F2) 
CALL ADD(240,S,S,IN,YRS,Y3F2) 
CALL ADD(240,Q,S,IN,YM2,Y3F2) 
CALL ADD(240,S,Q,IN,YM1,Y3F2) 
CALL ADD(240,P,R,IN,YM2,Y3F2) 
CALL ADD(240,R,P,IN,YM1,Y3F2) 
CALL ADD(240,P,Q,IN,NYPQ,Y3F2) 
CALL ADD(240,Q,P,IN,NYPQ,Y3F2) 
CALL ADD(240,Q,R,IN,NYM2,Y3F2) 
CALL ADD(240,R,Q,IN,NYM1,Y3F2) 
CALL ADD(240,S,P,IN,NYM1,Y3F2) 
CALL ADD(240,P,S,IN,NYM2,Y3F2) 
CALL ADD(240,R,S,IN,NYRS,Y3F2) 
203 CALL ADD(240,S,R,IN,NYRS,Y3F2) 
C 
1120 CONTINUE 
DO 4433 I=1,IGN3 
4433 VG(I,1)=(0.,0.) 
DO 4434 1=1,IGN 
READ(12,2013)VGGCI) 
11=1*3-1 
4434 VG(II,1)=VGG(I) 
C 
C 
DO 1121 1=1,111 
1121 READ(12,2014)IK,NAME(IK) 
C PARTITION Y3F2 TO FIND Y1 & Y2 
C 
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C 
C 
MX=M23F+1 
11=0 
DO 801 I=1,M23F 
11=11+1 
JJ=0 
DO 801 J=1,M23F 
JJ=JJ+1 
801 Y1V(II,JJ)=Y3F2(I,J) 
11=0 
DO 802 I=1,M23F 
11=11+1 
JJ=0 
DO 802 J=MX,M33F 
JJ=JJ+1 
802 Y2V(II,JJ)=Y3F2(I,J) 
C 
CALL UNITY(90,M23F,Y1VI) 
CALL LEQ2C(YIV,M23F,90,YIVI,M23F,90,0,WA,WK,1ER) 
CALL MULT(90,90,150,M23F,M23F,IGN3,YIVI,Y2V,Y0UT3) 
CALL MULT(90,150,1,M23F,IGN3,1,Y0UT3,VG,V) 
DO 803 I=1,M23F 
803 V(I,1)=-V(I,1) 
CALL POLAR(M2 3F,V,MAG,ANG) 
JS=-2 
JE=0 
DO 805 1=1,M2 
WRITE(6,1299) 
IS=0 
JS=JS+3 
JE=JE+3 
WRITE(6,1099)I,NAME(I) 
1099 FORMATC-' ,15X,'N0DE' ,12,IX, ' (' ,A6, ' ) ', 
1'SEQUENCE VOLTAGES: 0,1,2') 
DO 804 J=JS,JE 
IS=IS+1 
WRITE(6,902)MAG(J),ANG(J) 
WV(IS,I)=V(J,1) 
804 VV(IS)=V(J,1) 
WRITE(6,1199) 
CALL TRANSF(VV,1,VVT) 
DO 907 IX=1,3 
907 VWT(IX,I)=WT(IX) 
805 CONTINUE 
1199 FORMATC-',50X,'PHASE VOLTAGES: A,B,C') 
902 FORMATCO' ,5X,'MAG=' ,F8.6,'/_' ,F7.2) 
1299 FORMATC-') 
WRITE(6,5980) 
5980 FORMATC 1') 
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C 
IF(INFO.EQ.O)GO TO 9000 
WRITE(6,5981) 
5981 F0RMAT(*-',10X,*LINE',12X,'I 0,1,2(PU)',10X,'V 0,1,2(PU)',' 
112X,'P A,B,C(MW)',2X,'Q A,B,C(MVAR)') 
C 
C 
C COMPUTATIONS OF CURRENT AND POWER FLOWS 
C 
DO 3001 J=1,NSE 
I=J+NME 
ILEN=IILEN(I) 
P=N0DE3(I,1) 
Q=N0DE3(I,2) 
ITYPE^ rYP3(I) 
CALL EQUAL3(50,ITYPE,3,YTYP3,YSS) 
IZ=ITYPE+NLINE 
CALL EQUAL3(50,IZ,3,STYP3,NYSS) 
WRITE(6,7000)P,Q,NAME(P),NAME(Q) 
7000 F0RMAT('-',1X,I2,'-M2,2X,'(',A6,'- *,A6,')') 
DO 3333 IV=1,3 
DO 3333 JV=1,3 
YSS(IV,JV)=YSS(IV,JV)/ILEN 
3333 NYSS(IV,JV)=NYSS(IV,JV)*ILEN 
CALL CURR0(M2,P,Q,NAME,VW,VWT,YSS,NYSS) 
WRITE(6,7000)Q,P,NAME(Q),NAME(P) 
CALL CURR0(M2,Q,P,NAME,VW,VVVT,YSS,NYSS) 
3001 CONTINUE 
C 
C 
C 
C DOUBLE-CKT LINES CURRENT & POWER FLOWS COMPUTATION PROCEDURE 
C 
DO 8000 1=1,NM 
ILEN=IMLEN(I) 
ES=ME3(I,1) 
EM=ME3(I,2) 
R=N0DE3(ES,1) 
S=N0DE3(ES,2) 
P=N0DE3(EM,1) 
Q=N0DE3(EM,2) 
MTYPE=MTP(I) 
CALL PART(63,3,3,NMC,ES,ES,YRS,YMTYP3) 
CALL PART(63,3,3,NMC,ES,EM,YM1,YMTYP3) 
CALL PART(63,3,3,NMC,EM,ES,YM2,YMTYP3) 
CALL PART(63,3,3,NMC,EM,EM,YPQ,YMTYP3) 
DO 8111 IT=1,3 
DO 8111 JT=1,3 
YRS(IT,JT)=YRS(IT,JT)/ILEN 
YMl(IT,JT)=YM1(IT, JT)/ILEN 
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YM2(IT,JT)=YM2(IT,JT)/ILEN 
8111 YPQ(IT,JT)=yPQ(IT,JT)/ILEN 
INDEX=I+NLINE+NLCHS 
CALL CURR3(30,R,S,P,Q,M2,ILEN,MTYPE,NAME,WV,VVVT,YRS,YM1,YM2, 
lYPQ,INDEX,STYPS) 
8000 CALL CURR3(30,S,R,Q,P,M2,ILEN,MTYPE,NAME,VW,VVVT,YRS,YM1,YM2, 
lYPQ,INDEX,STYP3) 
4444 CONTINUE 
C 
C 
c 
C PROCEDURES TO COMPUTE CURRENT AND POWER UNBALANCES @ THE GEN-
C ERATORS INSIDE OF STUDY AREA. 
C 
C 
9000 CONTINUE 
WRITE(6,5980) 
WRITE(6,7778) 
7778 FORMATCO',23X,'CONTINUOUS CURRENT AND POWER UNBALANCE AT THE', 
1' HIGH VOLTAGE BUS OF THE GENERATORS') 
IJ=0 
DO 7779 IZ=1,SIGN 
READ(12,2015)LVBUS,HVBUS,ZTl,ZTM2 
IS=3*HVBUS-3 
DO 8100 1=1,3 
IJ=IJ+1 
IS=IS+1 
GV0LT(I)=VG(IJ,1) 
8100 HV0LT(I)=V(IS,1) 
YT1=1./ZT1 
YTM2=1./ZTM2 
WRITE(6,8006)LVBUS,NAME(LVBUS) 
8006 FORMATCO' ,15X,'N0DE' ,I3,1X,' (' ,A6,')') 
WRITE(6,8007) 
8007 F0RMAT('-',22X,'I 0,1,2(PU)',lOX,'P A,B,C(MW)',2X, 
I'Q A,B,C(MVAR)') 
CALL GENI (GVOLT,HVOLT,YTl,YTM2, IGEN ,MAGI.,ANGI ) 
CALL MULT(3,3,1,3,3,1,A,IGEN,IGENT) 
DO 8999 IT=1,3 
8999 HVOLTT(IT)=WVT(IT,HVBUS) 
S S(1)=HVOLTT(1)*CONJG(IGENT(1))*BMVA/3. 
SS(2)=HV0LTT(2)*C0NJG(IGENT(2))*BMVA/3. 
SS(3)=HVOLTT(3)*CONJG(IGENT(3))*BMVA/3. 
DO 8008 1=1,3 
8008 WRITE(6,8009)MAGI(I),ANGI(I),SS(I) 
8009 FORMATCO',22X,F8.4,IX,'/_' ,F7.2,3X,F9.2,4X,F9.2) 
7779 CONTINUE 
2999 FORMAT(10A8) 
2000 F0RMAT(F10.2,I5) 
2021 F0RMAT(6I5) 
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2002 F0RMAT(3I5) 
2023 FORMAT(15) 
2004 F0RMAT(6E10.3) 
2005 F0RMAT(I5,3F10.5) 
2006 F0RMAT(2F10.7) 
2008 F0RMAT(I5,6F10.3,F10.6) 
2010 F0RMAT(4I5,F10.2) 
2012 F0RMAT(7I5,F10.2) 
2013 F0RMAT(2F10.6) 
2014 FORMAT(15,A6) 
2015 F0RMAT(2I5,4F10.5) 
STOP 
END 
C 
C 
C 
C SUBROUTINE FOR POSITIVE OR NEGATIVE SEQUENCE YBUS 
C 
SUBROUTINE YBUSS1(IDIM,NB,ESN,ISN,STYP,YBUS) 
INTEGER ESN,P,M 
REAL ILEN 
COMPLEX STYP(1),YBUS(IDIM,IDIM),Y,ZZ 
DO 100 1=1,NB 
DO 100 J=1,NB 
100 YBUS(I,J)=(0.,0.) 
10 READ(12,2011)P,M,ITYPE,ILEN 
IF(P.EQ.99999) GO TO 400 
IF(P.NE.0)G0 TO 889 
ZZ=STYP(ITYPE)/ILEN 
GO TO 900 
889 ZZ=STYP(ITYPE)-'-ILEN 
900 IF(CABS(ZZ).GE.10.)GO TO 111 
WRITE(6,901)P,M,ITYPE,ILEN,ZZ 
901 FORMAT(' *,10X,I2,',I2,9X,I3,4X,F6.2,2X,F7.4,5X,F7.4) 
GO TO 333 
111 WRITE(6,222)P,M,ITYPE,ILEN,ZZ 
222 FORMAT(' ',10X,I2,,I2,9X,I3,4X,F6.2,2X,F7.4,5X,F7.0) 
333 CONTINUE 
IF(P.GT.ESN)P=P-ISN 
•IF(M.GT.ESN)M=M-ISN 
IF(CABS(ZZ).EQ.0.)G0 TO 112 
Y=1./ZZ 
GO TO 113 
112 Y=(0.,1000.) 
113 IF(P.EQ.O)GO TO 103 
YBUS(P,P)=YBUS(P,P)+Y 
YBUS(P,M)=YBUS(P,M)-Y 
YBUS(M,P)=YBUS(M,P)-Y 
103 YBUS(M,M)=YBUS(M,M)+Y 
GO TO 10 
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400 CONTINUE 
RETURN 
2011 F0RMAT(3I5,F10.2) 
END 
C 
C 
C 
c 
c 
c 
c 
c SUBROUTINE TO MULTIPLY (K1,K2) * (K2,K3) 
SUBROUTINE MULT(IDl,ID2,ID3,Kl,K2,K3,MATl,MAT2,OUT) 
COMPLEX MATl(IDl,ID2),MAT2(ID2,ID3),0UT(ID1,ID3),SUM 
INTEGER L 
DO 95 1=1,Kl 
DO 95 L=1,K3 
SUM=(0.,0.) 
DO 94 J=1,K2 
94 SUM=SUM+MAT1(I,J)*MAT2(J,L) 
OUT(I,L)=SUM 
95 CONTINUE 
RETURN 
END 
C 
C 
C 
C 
C 
C SUBROUTINE FOR ZERO SEQUENCE YBUS 
SUBROUTINE YBUSS0(I1,I2,I3,I4,I5,I6,N,NB,NME,NS1,NS2,ESN,ISN, 
INODES,ME,YBUS,WA,WK,ZT,YT,NOC,STYP,MTYP,YBUSO) 
INTEGER P,Q,R,S,EM,ES,N0DES(I1,2),ME(I2,2),ES1,ES2,SI1,SI2,SM,ESN 
COMPLEX ZS,ZM,YBUS(I3,I3),WA(I4),YM 
COMPLEX YBUS0(I5,I5),STYP(1),MTYP(1) 
COMPLEX ZT(I6,I6),YT(I6,I6),ZS1,ZS2 
REAL WK(1),ILEN 
C 
C N(NE)- OF ELEMENTS. NB= OF BUSES. NM- OF MUTUAL ELEMENTS 
C NI- OF BUSES INCLUDING THE REFERENCE BUS (GROUND BUS) 
C WA-(N,N+2). WK-(N) 
C YBUS-INDEFINITE ADMITTANCE MATRIX (NB+1,NB+1). 
C YBUSO-DEFINITE ADMITTANCE MATRIX (NB.NB) 
C NODES-MATRIX FOR THE NODES OF N ELEMENTS (N,2) 
C ZT &.YT-PRIMITIVE IMPEDANCE AND ADMITTANCE MATRICES (NM.NM) 
C ME-CONTAINS NM MUTUAL ELEMENTS (NOC,2) 
C ZBUS-ZEO SEQUENCE ZBUS (NB,NB) 
C NME-TOTAL NO. OF ELEMENTS MUTUALLY COUPLED 
C NOC-NO. OF COUPLINGS 
C ZT-A SUBMATRIX IN PRIMITIVE IMPEDANCE MATRIX WHICH CONTAINS 
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C THE MUTUAL ELEMENTS IMPEDANCES (NME,NME) 
C YT-INVERSE OF ZT (NME,NME) 
IF(N0C.EQ.0)NME=0 
NR=N-NME 
NI=NB+1 
DO 50 1=1,NI 
DO 50 J=1,NI 
50 YBUS(I,J)=(0.,0.) 
NE=0 
NM=0 
WRITE(6,972) 
972 FORMATC'l',20X,'ZERO SEQ. IMPEDANCES IN PU OHMS') 
WRITE(6,12) 
12 F0RMAT('-',2X,'ES',3X,'NODES',IX,'TYPE',2X,'L, MILES',2X,'RSO', 
16X,'XS0',5X, 
2'EM',3X,'NODES',IX,'TYPE',2X,'RSO',5X,'XSO',5X,'RM',6X,'XM') 
C 
C 
C 
C ENTER THE COUPLED ELEMENTS FIRST. 
C 
C 
C 
C 
C TAKE CARE OF THE COUPLINGS 
IF(NOC.EQ.O)GO TO 117 
DO 112 1=1,NO C 
READ(12,2009)ES1,P,Q,SI1,ES2,R,S,SI2,SM,ILEN 
ZS1=STYP(SI1)*ILEN 
ZS2=STYP(SI2)*ILEN 
ZM=MTYP(SM)*ILEN 
WRITE(6,13)ES1,P,Q,SI1,ILEN,ZS1,ES2,R,S,SI2,ZS2,ZM 
13 FORMATCO',2X,I2,3X,I2,'-',I2,1X,I3,4X,F6.2,1X,F7.4,2X,F7.4, 
11X,I2,3X,I2,'-',I2,1X,I3,4X,F7.4,1X,F7.4,1X,F7.4,1X,F7.4) 
IF(P.GT.ESN)P=P-ISN 
IF(Q.GT.ESN)Q=Q-ISN 
IF(R.GT.ESN)R=R-ISN 
IF(S.GT.ESN)S=S-ISN 
IF(P.EQ.0)P=NB+1 
IF(Q.EQ.0)Q=NB+1 
IF(R.EQ.0)R=NB+1 
IF(S.EQ.0)S=NB+1 
NODES(ES1,1)=P 
NODES(ES1,2)=Q 
NODES(ES2,1)=R 
NODES(ES2,2)=S 
ME(I,1)=ES1 
ME(I,2)=ES2 
ZT(ES1,ES1)=ZS1 
ZT(ES1,ES2)=ZM 
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ZT(ES2,ES1)=ZM 
112 ZT(ES2,ES2)=ZS2 
CALL UNITY(40,NME.YT) 
CALL LEQ2C(ZT,NME,40,YT,NME,40,0,WA,WK,IER) 
C 
117 CONTINUE 
C 
C 
C READ THE SELF DATA 
DO 201 1=1,NR 
READ(12,2010)ES1,P,Q,SI1,ILEN 
IF(P.NE.O)GO TO 889 
ZS=STYP(SI1)/ILEN 
GO TO 900 
889 ZS=STYP(SI1)*ILEN 
900 ZS2=(0.,0.) 
ZM=(0.,0.) 
ES2=0 
R=0 
S—0 
IF(ABS(AIMAG(ZS)).GE.10.)GO TO 293 
WRITE(6,13)ES1,P,Q,SI1,ILEN,ZS,ES2,R,S,SI2,ZS2,ZM 
GO TO 763 
293 WRITE(6,180)ES1,P,Q,SI1,ILEN,ZS,ES2,R,S,SI2,ZS2,ZM 
763 CONTINUE 
180 FORMATCO',2X,I2,3X,I2,'-',I2,1X,I3,4X,F6.2,1X,F7.4,2X,F6.0,2X, 
1I2,3X,I2,'-M2,1X,I3,4X,F7.4,1X,F7.4,1X,F7.4,1X,F7.4) 
IF(P.GT.ESN)P=P-ISN 
IF(Q.GT.ESN)Q=Q-ISN 
IF(P.EQ.O)P=NB+l 
IF(Q.EQ.0)Q=NB+1 
NODES(ESI,1)=P 
NODES(ESI,2)=Q 
ZS=1./ZS 
YBUS (P,P)=YBUS(P,P)+ZS 
YBUS(P,Q)=YBUS(P,Q)-ZS 
YBUS(Q,P)=YBUS(Q,P)-ZS 
201 YBUS(Q,Q)=YBUS(Q,Q)+ZS 
C 
C 
C 
C 
C MUTUAL CONSIDERATIONS 
C 
IF(NOC.EQ.O)GO TO 218 
DO 200 1=1,NO C 
ES1=ME(I,1) 
ES2=ME(I,2) 
YM=YT(ES1,ES2) 
P=N0DES(ES1,1) 
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Q=N0DESCES1,2) 
R=N0DES(ES2,1) 
S=N0DES(ES2,2) 
ZS1=YT(ES1,ES1) 
ZS2=YT(ES2,ES2) 
YBUS(P,P)=YBUS(P,P)+ZS1 
YBUS(P,Q)=YBUS(P,Q)-ZSl 
YBUS(Q,P)=YBUS(Q,P)-ZS1 
YBUS(Q,Q)=YBUS(Q,Q)+ZS1 
YBUS(R,R)=YBUS(R,R)+ZS2 
YBUS(R,S)=YBUS(R,S)-ZS2 
YBUS(S,R)=YBUS(S,R)-ZS2 
YBUS(S,S)=YBUS(S,S)+ZS2 
YBUS(R,P)=YBUS(R,P)+YM 
YBUS(P,R)=YBUS(P,R)+YM 
YBUS(S,Q)=YBUS(S,Q)+YM 
YBUS(Q,S)=YBUS(Q,S)+YM 
YBUS(R,Q)=YBUS(R,Q)-YM 
YBUS(Q,R)=YBUS(Q,R)-YM 
YBUS(S,P)=YBUS(S,P)-YM 
YBUS(P,S)=YBUS(P,S)-YM 
200 CONTINUE 
218 CONTINUE 
DO 500 1=1,NB 
DO 500 J=1,NB 
500 YBUSO(I,J)=YBUS(I,J) 
2009 F0RMAT(9I5,F10.2) 
2010 F0RMAT(4I5,F10.2) 
RETURN 
END 
G 
C 
C 
SUBROUTINE UNITY(IDIM,N,B) 
COMPLEX B(IDIM,IDIM) 
DO 100 1=1,N 
DO 100 J=1,N 
IF(I.EQ.J)B(I,J)=(1.,0.) 
IF(I.NE.J)B(I,J)=(0.,0.) 
100 CONTINUE 
RETURN 
END 
C 
C 
c 
C SUBROUTINE FOR THREE-PHASE YBUS 0,1,2 
SUBROUTINE YBUS3F(ID1,ID2,IN,NB,YBUSO,YBUS1,YBUS2,Y3F) 
COMPLEX YBUSO(IDl,IDl),YBUS1(IDl,ID1),YBUS2(ID1,ID1),Y3F(ID2,ID2) 
DO 123 1=1,IN 
DO 123 J=1,IN 
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123 Y3F(I,J)=(0.,0.) 
IIN=IN-2 
IJN=IN-1 
DO 700 1=1,UN,3 
II=(I+2)/3 
DO 700 J=1,IIN,3 
JJ=(J+2)/3 
700 Y3F(I,J)=YBUS0(II,JJ) 
DO 800 I=2,IJN,3 
II=CI+l)/3 
DO 800 J=2,IJN,3 
JJ=(J+l)/3 
Y3F(I,J)=YBUS1(II,JJ) 
IZ=I+1 
JZ=J+1 
800 Y3F(IZ,JZ)=YBUS2(II,JJ) 
RETURN 
END 
C 
C 
c 
C SUBROUTINE TO BE USED TO BUILD THE YBUS 
SUBROUTINE ADD(IDIM,R,S,ISIZE,YIN,YBUS) 
INTEGER R,S 
COMPLEX YIN(3,3),YBUS(IDIM,IDIM) 
IS=3*R-3 
DO 100 1=1,3 
IS=IS+1 
JS=3*S-3 
DO 100 J=l,3 
JS=JS+1 
100 YBUS(IS,JS)=YBUS(IS,JS)+YIN(I,J) 
RETURN 
END 
C 
C 
C 
C 
C SUBROUTINE FOR BUILDING A MATRIX 
SUBROUTINE BUILD(R,S,ZIN,ZMUT) 
COMPLEX ZIN(3,3),ZMUT(6,6) 
INTEGER R,S 
IS=3*R-3 
DO 100 1=1,3 
IS=IS+1 
JS=3*S-3 
DO 100 J=l,3 
JS=JS+1 
100 ZMUT(IS,JS)=ZIN(I,J) 
RETURN 
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END 
SUBROUTINE TO NEGATE A MATRIX 
SUBROUTINE NEG(N,W,NW) 
COMPLEX W(N,N),NW(N,N) 
DO 100 1=1,N 
DO 100 J=1,N 
100 NW(I,J)=-W(I,J) 
RETURN 
END 
SUBROUTINE FOR PARTITIONING THE MATRIX 
SUBROUTINE PART(IDIM,N,M,NMC,N1,N2,YIN,YMUT) 
INTEGER NN(2),IP(1),IQ(1),JP(1),JQ(1) 
COMPLEX YIN(N,M),YMUT(IDIM,IDIM) 
NN(1)=N1 
NN(2)=N2 
NR=N/3 
NC=M/3 
DO 200 1=1,NR 
IP(I)=3*NN(I)-2 
IQ(I)=IP(I)+2 
200 CONTINUE 
L=NR 
DO 300 1=1,N C 
L=L+1 
JP(I)=3*NN(L)-2 
JQ(I)=JP(I)+2 
300 CONTINUE 
1=0 
DO 410 IT=1,NR 
IS=IP(IT) 
IE=IQ(IT) 
DO 410 II=IS,IE 
1=1+1 
J=0 
DO 410 JT=1,N C 
JS=JP(JT) 
JE=JQ(JT) 
DO 410 JJ=JS,JE 
J=J+1 
YIN(I,J)=YMUT(II,JJ) 
410 CONTINUE 
RETURN 
END 
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C 
SUBROUTINE READ3(IDIM,NTYPE,N1,MAT) 
COMPLEX MAT(IDIM,N1,N1) 
DO 100 1=1,NI 
100 READ(12,2007)(MAT(NTYPE,I,J),J=1,N1) 
2007 FORMAT(6E10.3) 
RETURN 
END 
C 
C 
C 
SUBROUTINE EQUALS(IDIM,MTYPE,N1,MOLD,MNEW) 
COMPLEX MOLD(IDIM,NI,NI),MNEW(NI,NI) 
DO 100 1=1,NI 
DO 100 J=1,N1 
100 MNEW(I,J)=MOLD(MTYPE,I,J) 
RETURN 
END 
C 
C 
C 
C THIS SUBROUTINE CONVERTS RECTANGULAR COORDINATES TO POLAR. 
C 
SUBROUTINE POLAR(M,INPUT,MAG,ANG) 
REAL MAG(M),ANG(M) 
COMPLEX INPUT(M) 
PI=3.1415926 
DO 200 1=1,M 
RI=REAL(INPUT(I)) 
AI=AIMAG(INPUT(I)) 
MAG(I )=SQRT(RI-'--2+AI--2) 
IF(RI.EQ.0.)G0 TO 49 
ANG(I)=ATAN2(AI,RI) 
ANG(I)=ANG(I)*180./PI 
GO TO 200 
49 IF(AI.EQ.0.)ANG(I)=0. 
IF(AI.NE.0.)ANG(I)=90. 
200 CONTINUE 
RETURN 
END 
C 
C 
c 
c SUBROUTINE FOR 0,1,2 TO A,B,C TRANSFORMATION 
C 
SUBROUTINE TRANSF(W,IFLAG,VVT) 
REAL MAGP(3),ANGP(3) 
COMPLEX A(3,3),W(3),VVT(3) 
DO 100 1=1,3 
A(I,1)=(1.,0.) 
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100 A(1,I)=(1.,0.) 
A(2,2)=(-.5,-.866) 
A(3,3)=A(2,2) 
A(2,3)=(-.5,.866) 
A(3,2)=A(2,3) 
CALL MULT(3,3,1,3,3,1,A,W,VVT) 
CALL P0LAR(3,VVT,MAGP,ANGP) 
IF(IFLAG.EQ.O)GO TO 300 
DO 200 1=1,3 
200 WRITE(6,999)MAGP(I),ANGP(I) 
999 FORMATC'O' ,50X, 'MAG=' ,F8.6, ,F7.2) 
300 RETURN 
END 
C 
C 
C 
C 
C 
C SUBROUTINE TO COMPUTE CURRENT FLOWS FROM P TO Q 
C 
SUBROUTINE CURRO(M2,P,Q,NAME,VW,VWT,YSS,NYSS) 
INTEGER P,Q,M2 
REAL MAGI(3),MAGV(3),ANGI(3),ANGV(3) 
COMPLEX VW(3,M2) ,VVVT(3,M2) ,ILINE(3) , ILENT(3) ,P0WER(3) 
COMPLEX YSS(3,3),NYSS(3,3),DV(3),0UT1(3),0UT2(3),VL(3) 
REAL*8 NAME CI) 
DO 3002 11=1,3 
3002 DV(II)=VW(II,P)-VW(II,Q) 
DO 3003 K=l,3 
3003 VL(K)=VW(K,P) 
CALL MULT(3,3,1,3,3,1,NYSS,VL,0UT1) 
CALL MULT(3,3,1,3,3,1,YSS,DV,0UT2) 
DO 3004 IX=1,3 
3004 ILINE ( IX)=0UT1 ( IX)+0UT2 (IX) 
C 
CALL POWERO(P,Q,M2,ILINE,VL,VWT,NAME) 
C 
RETURN 
END 
C 
C 
C THIS SUBROUTINE COMPUTES POWER FLOW 
C 
SUBROUTINE POWERO (P, Q,M2, ILINE,VL,VWT,NAME) 
INTEGER P,Q,M2 
REAL MAGI(3),MAGV(3),ANGI(3),ANGV(3) 
COMPLEX VVVT(3,M2),ILINE(3),ILENT(3),P0WER(3) 
COMPLEX YSS(3,3),NYSS(3,3),DV(3),0UT1(3),0UT2(3),VL(3) 
REAL*8 NAME(l) 
COMMON BMVA 
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CALL P0LAR(3,ILINE,MAGI,ANGI) 
CALL P0LAR(3,VL,MAGV,ANGV) 
CALL TRANSF(ILINE,0,ILENT) 
DO 3005 K=l,3 
ILENT(K)=CONJG(ILENT(K)) 
3005 P0WER(K)=VVVT(K,P)*ILEiNT(K)-"-BMVA/3. 
DO 7001 IX=1,3 
7001 WRITE(6,7002)MAGI(IX),ANGI(IX),MAGV(IX),ANGV(IX),POWER(IX) 
7002 FORMATC'O' ,25X,F8.4,IX, ,F7.2,1X,F8.4,1X, ,F7.2,3X, 
1F9.2,4X,F9.2) 
RETURN 
END 
C 
C 
C 
C SUBROUTINE TO COMPUTE DOUBLE-CKT LINES CURRENT FLOWS 
SUBROUTINE CURR3(IDIM,R,S,P,Q,M2,ILEN,MTYPE,NAME,VW,VVVT,YRS,YM1, 
1YM2,YPQ,INDEX,STYP3) 
INTEGER CKT,P,Q,R,S,M2 
COMPLEX VW(3,IDIM),VVVT(3,IDIM),YRS(3,3),YM1(3,3),YM2(3,3) 
REAL ILEN 
COMPLEX YPQ(3,3),DELV1(3),DELV2(3),V1(3),V2(3),YC1(3,3) 
COMPLEX YC2(3,3),0UT1(3),0UT2(3),ILINE1(3),ILINE2(3) 
COMPLEX STYP3(50,3,3) 
REAL"8 NAME(l) 
DO 100 1=1,3 
DELV1(I)=VW(I,R)-VW(I,S) 
100 DELV2(I)=WV(I,P)-VW(I,Q) 
CALL MULT(3,3,1,3,3,1,YRS,DELV1,0UT1) 
CALL MULT(3,3,1,3,3,1,YM1,DELV2,0UT2) 
DO 110 1=1,3 
110 ILINE1(I)=0UT1(I)+0UT2(I) 
INDEX1=INDEX+1 
DO 120 1=1,3 
DO 120 J=l,3 
YC1(I,J)=STYP3(INDEX,I,J)*ILEN 
YC2(I,J)=STYP3(INDEXl,I,J)*ILEN 
V1(I)=VW(I,R) 
120 V2(I)=VW(I,P) 
CALL MULT(3,3,1,3,3,1,YC1,V1,0UT1) 
CALL MULT(3,3,1,3,3,1,YC2,V2,0UT2) 
DO 121 1=1,3 
ILINE1(I)=ILINE1(I)+0UT1(I) 
121 ILINE2(I)=0UT2(I) 
CALL MULT(3,3,1,3,3,1,YM2,DELV1,0UT1) 
CALL MULT(3,3,1,3,3,1,YPQ,DELV2,0UT2) 
DO 122 1=1,3 
122 ILINE2(I)=ILINE2(I)+0UT1(I)+0UT2(I) 
CKT=1 
WRITE(6,7000)R,S,NAME(R),NAME(S),CKT 
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7000 F0RMAT('-',1X,I2,'-',I2,2X,'(',A6,'- ',A6,')',5X,'CKT. NO.',12) 
CALL P0WER0(R,S,M2,ILINE1,V1,VVVT,NAME) 
CKT=2 
WRITE(6,7000)P,Q,NAME(P),NAME(Q),CKT 
CALL POWERO(P,Q,M2,ILINE2,V2,VVVT,NAME) 
RETURN 
END 
C 
C 
C 
C FAST KRON REDUCTION 
C 
SUBROUTINE KR0N3(IDIM,NB,K,ITEST,Y) 
INTEGER END 
COMPLEX Y(IDIM,IDIM),YNEW 
END=K-1 
ITEST=0 
DO 200 1=1,END 
IF(CABS(Y(I,K)).EQ.O.)GO TO 200 
IF(CABS(Y(K,K)).NE.O.)GO TO 400 
WRITE(6,1000)K 
1000 F0RMAT('-',5X,'-"-^ "^'-^ ' Y(K,K) IS O.+JO. FOR K=',13, ' ) 
ITEST=1 
GO TO 210 
400 CONTINUE 
YNEW=Y(I,K)/Y(K,K) 
DO 100 J=I,END 
Y ( I, J ) =Y ( I, J) - YNEW^ Y (K, J) 
Y(J,I)=Y(I,J) 
100 CONTINUE 
200 CONTINUE 
210 CONTINUE 
RETURN 
END 
C 
C 
c 
C SUBROUTINE TO COMPUTE UNBAL CURRENT AT THE GEN. SITE 
C 
SUBROUTINE GENI(GVOLT,HVOLT, YTl,YTM2,IGEN,MAG,ANG) 
REAL MAG(3),ANG(3) 
COMPLEX GVOLT(3) ,HV0LT(3) ,YT1,YTM2,IGEN(3) ,DELV(3) 
DO 100 1=1,3 
100 DELV(I)=GVOLT(I)-HVOLT(I) 
IGEN(1)=(0.,0.) 
IGEN ( 2 )=DELV ( 2 ) •'•YTl 
IGEN(3)=DELV(3)--YTM2 
CALL P0LAR(3,IGEN,MAG,ANG) 
RETURN 
END 
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B. Sample Input Data Formats 
The tables listed in this section represent sample data formats to 
aid the user in preparing data for the system reduction method program. 
Data should be entered with the specified formats in the same order that 
they are listed. 
TABLE 32. Title card 
i 1 rOfirftAN STAfEMENT 
iMIilifKAttOM 
MOutKI 
TITLE ARD (writ B TITLE 1 1 60 colu ns or lea ») ' 
S 
(ABO) ' ' 
• ' ; : 
: • : : 
, 
• ' 
• 
. . 
Note: 
1
 
2
 
1
 lid noc^b 1 any blar k lines i I the fol owing FOR MATS. 
All Z's a :e expres ed in pu n/mi, exc >pt machii es* and ( ransfome •8* Z's. 
; All Y's a re expres ed in pu Hhos/ni. 1 • 
All volta les are e Dressed i n DU. . • 
All power i are exp essed In HVA (P In MM. 0 in MVARK • ; • . 
1 
1 ; ; ' • • • ; . 1 • j . : ; : 1 ; • ' i i ! ! ' : ' : ; : • : • 1 • 
' : ' ; . ; 1 • • 1 ; • . ' ' ' 1 ' • 1 1 i j i ' j : 
; ' • 1 ' i I • i . 1 : • ! • i : • ' 1 : • 
-
00 
w 
TABLE 33. System MVA base and print-out option 
NI 1 FORIBAN STAffMCNT T&IMIKALLON 
BMVA INFO . 
(F10.2 (15) ' 
: 
' ; 1 
-
BHVAi Stem Ba le HVA • : 1 1 I ' • • 
INFO/ PI Intout iptlon ' ; . ' • 
< Unbal tnces at i he genera tor high oltage 1 nés. . , • . 
Line low Optlf ns in add Ition to ' option. 
' 
; : • • f • : . ' 1 : • • 1 î • ; ; i ' 1 1 : • 1 ; : : : 
i • ' : : • . 1 : ! : : ! i 1 i 1 : : ! 
' ' 1 i • : 1 1 : . . : : • 
00 
TABLE 34. Outside of study area information 
1 .l.tU'lNI S Outside of study area information 
* f • 'v. 1 ) i< I* . }• .4 ) 1 t' :i •* V :l u •• w i d « «• i* «> i« .i •• «• «a «« v> ii v »> *« » )» t> i: #« •• t* «* »' *« ' ;i * 
NT • HE HOC MM ICH lUTTP : 
(15) (15) (15) (15) (IS) :is) : . 
: • ; . 
; 
: • 
HT, Total nu ibcr of bi ses In 8v 9tea (Inc udlnK th( 11 
HE: Total nu iber of e omenta ou talde the study an a (tnclud 
11 
laaiU_tr. : 
HOC: Total nu iber of c( UEUpe.8_l 
coupled 
1 the gya 
elements » 2 X HOC. 
fi_the^tu 
HHr 'umber o mutually 
IGHi Total nu iber of Bi n§£fitats.-
tvDe» ent 
in-thfLjy 
ercd. 
1 
1 
1 
1 fl 
OUTTPi umber o ^ element ' 
. i : ; • • ; : > : 1 ! ! ; 1 % : ! 1 • • . 1 
[ ; 
• : ; ' , : i i ! 1 ' 1 • 
1 1 1 1 
1 ' ! : : i 1 • • M > i 
' ' ! • 
! 
00 
TABLE 35, Study area information 
1 jtUtlMlHl 
! 1 I Study area informat ion fOBIRAN STAIfMtNT 
NE3 HOC) [NTP ESN ISN ilGH 1 
<IS) (15) :i5) (IS) • (15) IS) • 1 : ' ! • t • 1 
: : ; : 1 : 
NLINE NLCHS iLcim 
(15) (IS) CIS) 
. 1 ' 
, 
; ; 
. • • ; ' 
NE3: Total n imber of ' lenents 1 nslde of itudy are (lines 1 z'al. H\y It autua lz',1. [Ï^I, tra 1# formera load#, e C). * ! : : 
N0C3i Number )f ccuolii es inside of atudv area. . . ' 
INTPi Number >f elemen types er cered. 
1 
' 
. 
esN, Number 3f nodes , t the edi a of atud / area. 
ISHJ dumber )f nodes nside the study ar sa» 
SlGNi Number af genera ors insic e of atud ; area. 
• ! ' i • ; • ' I 1 ! ! 1 : , : 1 . : ! ! ! ' . i l l  1 1 
1 ' 
i • 
• ; • 1 • ; i i i i : ; i i i i ! 
^ 1 . 
. 1 , 
. 1 ; ; 
: 1 i 
i 
• i ; ; 
. : 1 ; • ; : : ; : : • ; 1 i : ' 
NLINE» Number f series self IZl for each onflRura ion (e.R. n diffe ent conf euration field n 1 l'a). 
NICHSi fumber f self 1 ne chard tngs for ach conf euration. 
NLfillMi Number f Une cl AtKinM ( LAULUAI. niinlf»d 1 nPR. 
00 
G\ 
TABLE 36. Outside of study area elements 
& Type and value of elenencs outside of study area Fortran staumenî 
ITYPE t ; 1 ' • i ' 
nst 1 • 
R, • ' *n ' r, ; X, • ' : : : i 0 
_ CfilOxli 
0 
fElQ.3) E10.3) Ein •») 2 (BID.3) i (EIO.3) 
• • • 
, . 
9 9999 • • • ; 
ITYPE 'P w VOLT 
(15) FIO.S) (Flo.5) (no.5) 
• i 
• : = ! 
' 1 
9 9995 ; ITYPE: Type numb !r of une upled ell Bents In ncreasins or er. 
1 . ,1 Une )upUd in edancea. 1 • • 1 ! • 
HTYPE PPi Three-pha le power t the lof d, WW. 
(15) VOLTi Magnitude of volta e at the load, PU. 
Sio *h0 , HTYPE1 Type numb er of cou led elemc nts. 
1 • (F10.6) ; ' i (f10.6) ' 1 : I , Zero ec luence au ual' Inpef ance.! i . : 1 ; : ; • ' : 
. i : ' ' 1 ' . 1 • i . , ! M , : ' ' ' : 1 • : ' ! 
: • • ! • : 1 M i 1 i ! ! , ! ' ; : ' I ' - ,  ;  
9 9999 
00 
TABLE 37. Inside of study area uncoupled elements 
Î ttAIIblNl 1 Inside of study area impedance matrices or shunts FORLRAN SIATCMCNT iMitdlKfthON 
ITVPB ' • 1 
(15) ' i • . : . 1 . 
R__ or 
'oo ' *00 """ "( <01 0' «0 
' • 
-01-^—0 «02 °0 'o: 'o ; 1 
c 
'lO *10 ® 'll *"1 
a c X or B I,, or G K or B 
12 I 
R,, or 0 
1 12 1 
'll ®i /U 20 20 
fFin.H 
U 21 j 
rpin It 
21 2 
(Fin T) 
2 I 22 2 
R10.1» 
9 
• [otet Set ics inpe<i ince mstr X should be entere 1 as (Z|. 
9999 Shu nt adnitt ince mstr X should be entere 1 as (Yl, %|Y| for line char iJngs. 
ITYPE 1 P, QL P Or fOLT 
(15) [F10.3) (FID.3) (FIG.3) (F10.3) (FIG.3) FIO.3) :FIO.6) 
* • 
9 9999 i 
: ' 
otei P 0^ 1 • a,b. 
represe Its P and Q In eac^ phase of load In t W and MVA R» respec Ively. 
vol Ti Hagnl tude of V Itage at load (obt ilnod frot l-f load Clow). 
: : • ; ' ' ; • i . • : 1 . ; : ; : 1 1 I ! ! : ! 1 1 i i 
; : : : ; 1 : ; • j • ' 1 1 • . ' 
1 T : ; " ; i : ; • • . ; 1 ' : ! : ' • ! 1 : 1 1 i 1 i ! : 
! I j 
' • : . ! 
: 
TABLE 38. Inside of study area coupled elements 
1 Inside of study area (continued)* mutual coupling rofttftAN sUTEMfNt •MMIMCAIION 
, 0 , ^ ,, I.- .. U ,! IT •' If I* .c :i : :i .< .I :* \ I." n « * •> u *> <• i- u JI W «* # <• W *' S< TI *# R M TT TO «• «) TI N M 4* M I* /O I *. 
HTYPE . • 1 : 
(15) ' 
I 
*1100 *H01 
• ' 
*uni ' 
: 
2 Rjjoo' RjlOi* SlOl' 11,101 ' 
Tt02 
*1102' 
3 Sill *H11 
# R,„n' X ' RJM* R»,,' 1110 
D 
TUI-I *0,1 1 ' 
- ^2*0— M2'0 
*112 0 
N2'l nl I rlZ'l 
X.,.,. 2^0— 
; • ; ; i • • • 1 . 
9 9999 • : ' 1 • : • . 
! • ' 
Î • 
: 1 
: . 1 i ; ; !, : ' ; • • ' : ; i ; j 1 1 : 1 • 1 1 M i *  ; : 
. 1 . : • ! ! . ; : h ! ' 1 ! ! t 1 
• • • 
. ; ' • ; 1 ! ; : : i 1 
1 ; ' , 
' 1 i • : 
' 
TABLE 39. Outside of study area zero-sequence connections: mutually 
coupled elements 
1 tU'lWINt ; Outside of study areat Zero sequence connections •MNtlfKAtlOM 
ESI P Q i l l  ES2 R s SI2 SH ILEH 
(15) (15) (15) (15) (15) (15) (15) (15) (15) (no.2) ! ! . 1 ! 
! 1 ! 1 . 
ESli P-Q el ment nunl er. • 1 
P.Q.R.S Node n nbers of mutually :oupled e cmente (n iirmally P Q coincic ea with R •s). 
ES2i R-S ell ment numb er. 
Sill Type ni ober of g lament ES , .  
SI2i Type ni mber of * Icment ES . • i • I • ! : 
SHi Type ni nber of e utual imp (dance • : . 
ILEHi Length of the cc upled lin 38| miles : 
; ! 
1 : 1 : f ' 1 , • ! j • Î ! ! : : I I I '  i 1 ; . • : ; ! : : : 
; : • . • i 1 ! : . . : 
1 : . . . Î : . • ' . • ' i . 1 ! : ' ! 1 ; ! 1 ' : : : 
• • • • . 
VO 
o 
TABLE 40. Outside of study area zero-sequence connections: uncoupled 
elements 
1 JanWNf Î Uncoupled elements fORiRAN STATEMENT tMMlfivAttON 
1 - 1 » •; M •: 'j < 1! •< 1* >« I* c )i :: N U ;» :« r .T A Y: ii r :> ;« m i* < «v «i •; « <« i* <: «• <* W ji .< n )* u n M at o «> w M H •/ u •• >t r* r 
ES P Q SIl ILEN 
(15) (15) (15) . (15) (P10.2) ' ; 1 : ' • . Î ; 
' • ; ; 
ESi P-0 el oeat-BUDl 
mbers. 
]
 
—
y
—
 
S-from 1. _The_sta clog ounl cr_£or un :oupled c emenCs (E S's) Is a plus_the_ for*! nii«hi»r 
P.Oi Node n 
]
 
—
y
—
 
Sill abec,pf..c 
of eleroen 
lcm@al_E3 
ILENi Lenfith 8. 
! : ; ; ' • ! . i . 
. • 1 • 1 • I • 
: i , 
• 
j 1 ! . ' j • 1 - : ' 1 , : : ! ! ; 11 ! : ! ! 1 : ! ! i ' : i : . ! • ' • 1 • t 
i . • • • 1 , • ' 1 . • • 1 • 1 , : 1 1 
. ; ! 1 ; 1 • ! 1 • • . 
• 1 : 1 1 ! : : 1 ' • i l '  . 1 1 :  U i i  : ! • : • • : i • : ! 1 . ' • 
' 
vO 
TABLE 41. Outside of study area positive-sequence and negative-sequence 
connections 
1 .tàtIMNt 
^ Outside of study area; Positive and negative sequence connections. 
»MNIifK«t>ON 
t • » < Hi 11 i; Il 1. ,* 1» 1 11 .M .1 .•* if .» .• . 1 .• . ,1 : .$ n • t ;• i# n a «/ r « m «» * «» i* »? ft u il h H i* 41 m «j w «' *« •# « m •i # •? :t t .*» •• 
P M ITVPE ILEN . • ' 
(15) (15) (15) (PIO.2) • • • ; 1 ; î 
• • • 1 : 
S 9999 
P.Hi Node ni nbers. * 
ITYPEi Type ni ober of e lenent P- i. • • . . 
ILENt Length of line P -M, miles . 1 
Î 1 : • ' . 1 • • i i 
i • 1 • 
i , 1 1 
• , 
• 1 
1 i • . 
• 1 ! . .  : 1 1 I ' l l  i i ! : 
i 
• ! • ! : ; ' . • ! i « 
' ; : 
1 i : : ' 1 , Î 
! : : i • i ! ' 1 1 ! ! ' 1 ! • ! : ; > • ; • ; • ' 
1 
' 
<o 
TABLE 42. Inside of study area connections: coupled elements 
! ''tZlT Inside of study area: Coupled elementa fORIRAN $IAICM[NI idinitiiCAiiOM 
1 • LI II 1.» IT M 1} IT I." * •» *: ;• :} :• N » .» .* .• /• ?: :• IF .) .I M ;• ;• •» «I I* « I M •« » .« <• IJ N II )* ; «• 9* ÉFI «1 TI «• (• W •> <• •• :T *. 
MHE . • ' • ' : • • ' . 
(IS) ! ' * 
ES R s EH P Q HTYPE ILEN • • • . i 
(15) (15) (15) (15) (15) (15) (15) (no.2) 
4 9999 
NHEt Nunber of mutual ly couple 1 element! . This r imber sho lid be eni| ered once followed by nuCuai elements Informât on. 
R.S.P.Q Nodes ( f muttiall y coupled elements 
ES,EH: Elemeni numbers of mutual elements 
HTVPEi Type o element. 
ILENt Length of mutual elements miles. ' 1 i • • 
? 
• • 1 . : 
i ! 1 i 
Note t Begin I umbering the mutua . element! from lé 
• 1 ! ' - : 1 i : : 1 : . : ' 1 . ! i • 1 : i ! i : j ' j . . 1 ! ! . ' 
- 1 ; 
' f . ! 1 • ' : ! ' • . ; ; 1 . ! : II 1 ' ; : ; ! : 
: ! ; ; ; ' .1 ! ; i : I ! 1 : •  i l i  
vo 
w 
TABLE 43. Inside of study area connections: uncoupled elements 
1 ^ Uncoupled elements fORiRAN SIATCMINT 
• >: •; N i\ 1 > » If >> 71 zi ;« :i ;t ;r * .« ^ i tj ;« i •» * i* .« * */ «i <« »» «/ a it y. ii i; n i« m w it n i* «4 «i *f ti *- êt ** *> u i* *3 .*> * 
ES P Q ITYPE ILEH . . , 
(15) (15) (15) (15) (F10.2) • • 
• : . • 1 1 
: ! • : ! ' 1 : ] , 
Î 9999 
ESi Clemen number* Begin CS from 1, • 
PiQi Nodca f element 
ITÏPEi Type 0 element. • ' ' • 
ILENt Length of line, Dllea. 
• ; ! ! ; • . ; : ; * • ' 
• ; ; ! • • : : ! . . .  
' 
• ! ^ • 
• ^ i ; : ! i i : : 1 ; 
i 
• : ' • . 1 ' I 
• 1 i • 
; 11 ' j . • i • ' 1 1 I ; 1 : • ! i M ! : : ' ' 
i ' : ' 1 ! : . 1 ' ( . : • 1 r • • 1 • ? . • . • • 
• ' ' • : 1 • : 1 ; 
' i • "i ' 
1 
yo 
TABLE 44, Voltages at the Internal nodes of the generators 
1 1 Voltages at the generatora fORî*AN SIAIEMCNT 
vgg' 
• ' • 
, 
(Pin.A) : 1 . • 1 • 1 . • • ' , 
< ; : ! ' i 1 • 
VGGt Positif e aequenc 3 voltage at the neratora Internal odea. 
Hotet One em ry per 11 le. 
• : : : ' • I . . .  ;  . ; 
: : 1 
, 
'  :  ; .  •  ' ; 
1 
! : 1 ' 1 ' ; 1 • : , i ! • i l l  ! : ! ! i l l !  • : • r i 1 
: ' , : : : » 1 ! i ! ! 1 I I I !  1 1 ' ' ' ' 1 . 1 ; ; : 
. ' • • • • . 1 : ; 1 : : ' ! ! 1 1 : " 1 ; ' . , : : 
• 
1 
\o 
Ln 
TABLE 45. Bus numbers and their names 
1 VUlU-INt £ 6us names Inside of study area foaiHAN blMlMiNi 
iMnMiCAliON 
I • t * «C H u 1. .» «• f ;• A i .•» .• i' i» o .« »: .i *.» •> * ;• i* »i <• *} *i «« a »• « if r ji n >: u >* t» «c »i «• •• »! •« i.' •« •» •" M 
I Name ; J Î . 
as) A6 • 1 1 
' ; ; : • • I 
' 
• , 
' 
It Bus nut ber* 
NAME, Bus nai Q. 
! • ; ; . i i 
. • » • : 1 : : ' • 
1 
! . , . , 
, 
• • i ' 1 ; ' ' 1 • • ' 1 1 . • : 
• • ! • 
; ' : : : : ! i I : i i • i i : 1 ! : .  1 : 1 1  ; • 1 : 
' ! 
; 
. : : : ' ! ' 1 1. ! ! : : 1 i 1 ! • ! i : : . i ; ; J : ! 
• i , i i ' . i 1 '* 1 ; ;• : ! ' 1 ; ! 1 ' • ! . i ; 
vo 
G\ 
TABLE 46. Generator and its step-up power transformer reactances Inside 
the study area 
1 ilâtiMiNl 
o Inside of study area: Generator and Its atep-up transforder data 
iMt.liliCMtON 
UCUHCI 
• - ( V IC II •/ >1 U •' * >> ;I *: :i .*< . 4 ; it : v- -I •« * )« < u 0 n «1 «« «« •• .« VJ 11 M M U T' 11 T* M *1 4^ ** 1 ; •| N T» »: 
LVBUS HVBUS RTl XTl RTH2 XTM2 
(15) (IS) (F10.4) (F10.4) (PIO.4) (MO.4) • . • 1 
1 ' ; ] 
. 
: • 1 ' 
' • • I • 
LVBUS1 Node nt mber of I voltag ! bus of 1 ransforoe r. 
IIVBUSi Node n% mber of h [Rh volta ;c bus of transform ir. 
RTl.XTl Positif e aequenc 3  Inpedan c of trai sfonaer. 
RTMZ,XT 1 SunuDi tion of n •gatlve 0 quence i t  pedances >f transfi rtaers anc ftenerato • 1 ; : ! ; ; 1 
. . • 1 1 • 
: 1 : • 1 ; : : ; 
• ; ; • i 1 1 
• 1 • 
I » ; : ; : i : Î 
; ! I . ; I : • 1 • , ' 1 1 : ; 1 : : ; i ! i i : : : i ' 1 ' : ' 
• ! 
• 
• ' i 1 ' • - . ! : ! ; ; i ' i 1 : 1 1 1 : 1 . 1 ( i • ' • 
i * • • 
. 1 1 :  1 ; ' i : 1 : i ' ! : i : 
198 
C. Sample Input Data 
INSIDE: LINES UNBAL, LOADS BAL;-OUTSIDE: LINES & LOADS BAL 
100 .00 1 
24 80 1 
31 1 12 
2 2 2 
1 
0.291E-03 0.147E-02 0.428E-04 0.495E-03 0.428E-04 0.495E-03 
2 
0.413E-03 0.176E-02 0.398E-04 0.640E-03 0.398E-04 0.640E-03 
3 
O.OOOE CO 0.200E-01 O.OOOEOO O.IOOE 04 O.OOOE 00 O.IOOE 04 
4 
O.OOOE 00-0.404E 03 O.OOOE 00-0.231E 03 O.OOOE 00-0.231E 03 
5 
O.OOOE 00-0.422E 03 O.OOOE 00-0.295E 03 O.OOOE 00-0.295E 03 
6 
O.OOOE 00 O.IOOE 05 O.OOOE 00 O.IOOE 05 O.OOOE 00 O.IOOE 05 
7 
O.OOOE 00 O.IOOE 04 O.OOOE 00 0.200E-01 O.OOOE 00 0.411E-01 
8 
O.OOOE 00 O.OOOE 00 O.OOOE 00 O.OOOE 00 O.OOOE 00 O.OOOE 00 
9 
0.465E-04 0.239E-03 0.778E-05 0.900E-04 0.778E-05 0.900E-04 
10 
O.OOOE 00-0.204E 04 O.OOOE 00-0.127E 04 O.OOOE 00-0.127E 04 99999 
11 0.00000 90.0000 1 .02570 
12 90.0000 30.0000 1 .02479 
13 240.000 150.000 1 .01824 
14 120.000 90.0000 1 .00977 
15 180.000 150.000 1 .03035 
16 90.0000 60.0000 1 .03240 
17 150.000 120.000 1 .02910 
18 0.00000 120.000 1 .02760 
19 240.000 150.000 1 .02639 
20 
1 
180.000 150.000 1 .03260 99999 
0.0000385 0.0001210 99999 
1 
0.291E-03 0.147E-02 0.156E-04-0.376E-04-0.496E-05-0.339E-04 
-0.496E-05-0.339E-04 0.428E-04 0.495E-03-0.374E-04 0.201E-04 
0.156E-04-0.376E-04 0.387E-04 0.188E-04 G.428E-04 0.495E-03 
2 
0.413E-03 0.176E-02 0.182E-04-0.126E-04-0.201E-04-0.948E-05 
-0.201E-04-0.948E-05 0.398E-04 0.640E-03-0.407E-04 0.237E-04 
0.182E-04-0.126E-04 0.409E-04 0.234E-04 0.398E-04 0.640E-03 
199 
O.OOOE 00 0.247E-02-0.184E-03-0.169E-04 0.184E-03-0.169E-
0.184E-03-0.169E-04 O.OOOE 00 0.433E-02 0.281E-03-0.163E-
-0.184E-03-0.169E-04-0.281E-03-0.163E-03 O.OOOE 00 0.433É-
4 
O.OOOE 00 0.237E-02-0.637E-04 0.368E-04 0.637E-04 0.368E-
0.637E-04 0.368E-04 O.OOOE 00 0.339E-02 0.189E-03-0.109E-
0.368E-04-0.189E-03-0.109E-03 O.OOOE 00 0.339E-02 
5 
O.OOOE 00 0.980E-03-0.641E-04 0.807E-05 0.641E-04 0.807E-
0.641E-04 0.807E-05 O.OOOE 00 0.158E-02 0.986E-04-0.547E-
0.807E-05-0.986E-04-0.547E-04 O.OOOE 00 0.158E-02 
6 
O.OOOE 00 0.980E-03-0.390E-04 0.514E-04 0.390E-04 0.514E-
0.390E-04 0.514E-04 O.OOOE 00 0.158E-02 0.967E-04-0.581E-
0.514E-04-0.967E-04-0.581E-04 O.OOOE 00 0.158E-02 99999 
7 90.00 80.00 90.0000 80.000 90.00 
1.026390 99999 
1 
04 
03 
02 
04 
03 -0.637E-04 
05 
04 -0.641E-04 
04 
04 -0.390E-04 
80.00 
0.930E-04 0.478E-03 0.448E-05-0.158E-04-0.116E-05-0.146E 
0.774E-04 0.242E-03 0.473E-05 0.104E-04-0.719E-05 0.828E 
-0.116E-05-0.146E-04 0.156E-04 0.180E-03-0.135E-04 0.722E 
0.661E-05-0.928E-05-0.260E-07-0.726E-05 0.691E-05-0.429E 
0.448E-05-0.158E-04 0.140E-04 0.678E-05 0.156E-04 0.180E 
0.358E-05-0.104E-04-0.717E-05 0.384E-05 0.473E-06-0.741E 
0.774E-04 0.242E-03-0.358E-05-0.104E-04 0.661E-05-0.928E 
0.930E-04 0.478E-03 0.133E-04 0.632E-05-0.160E-04 0.404E 
0.828E-05-0.473E-06-0.741E-05 0.691E-05-0.429E-05 -0.160E 
0.156E-04 0.180E-03-0.129E-04 0.873E-05 
0.473E-05 0.104E-05-0.717E-05-0.384E-05-0.260E-07-0.726E-05 
.811E-05 0.156E-04 0.180E-03 99999 
24 9 1 330.00 
04 
05 
05 
05 
03 
05 
05 
05 -0.719E-05 
04 0.404E-05 
0.133E -04 0.632E -05 0. 130E-04 
1 21 24 9 2 21 
3 11 15 7 1.00 
4 12 16 7 1.00 
5 14 18 7 1.00 
6 13 17 7 1.00 
7 1 10 7 1.00 
8 5 9 7 1.00 
9 0 15 3 1.00 
10 0 16 3 1.00 
11 0 18 3 1.00 
12 0 17 3 1.00 
13 0 1 3 1.00 
14 0 5 3 1.00 
15 16 19 1 165.00 
16 18 19 1 165.00 
17 18 20 2 80.00 
18 17 20 1 165.00 
19 17 24 2 80.00 
20 15 21 1 33.00 
15 
22 
16 
3 
4 
5 
5 
6 
7 
2 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
200 
23 1 33.00 
23 2 80.00 
22 1 165.00 
19 1 33.00 
18 1 33.00 
20 2 80.00 
24 1 165.00 
21 2 80.00 
15 2 80.00 
22 2 80.00 
23 1 165.00 
20 6 1.00 
16 4 165.00 
19 4 165.00 
18 4 165.00 
19 4 165.00 
18 5 80.00 
20 5 80.00 
17 4 165.00 
20 4 165.00 
17 5 80.00 
24 5 80.00 
24 10 330.00 
21 10 330.00 
15 4 33.00 
21 4 33.00 
15 4 33.00 
23 4 33.00 
22 5 80.00 
23 5 80.00 
16 4 165.00 
22 4 165.00 
3 4 33.00 
19 4 33.00 
4 4 33.00 
18 4 33.00 
5 5 80.00 
20 5 80.00 
5 4 165.00 
24 4 165.00 
6 5 80.00 
21 5 80.00 
7 5 80.00 
15 5 80.00 
2 5 80.00 
22 5 80.00 
1 4 165.00 
23 4 165.00 
24 10 330.00 
21 10 330.00 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
11 
12 
14 
13 
1 
5 
0 
0 
0 
0 
0 
0 
21 
21 
16 
18 
18 
17 
17 
15 
15 
22 
16 
3 
4 
5 
5 
6 
7 
2 
1 
0 
0 
201 
0 18 11 1 .00 
0 21 12 1 .00 
0 7 13 1 .00 
0 23 14 1 .00 
0 19 15 1 .00 
0 4 16 1 .00 
0 2 17 1 .00 
0 22 18 1 .00 
0 6 19 1 .00 
0 3 20 1 .00 
15 8 1.00 
16 7 1.00 
18 7 1.00 
17 7 1.00 
10 7 1.00 
9 7 1.00 
15 3 1.00 
16 3 1.00 
18 3 1.00 
17 3 1.00 
1 3 1.00 
5 3 1.00 
24 9 330.00 
24 9 330.00 
19 1 165.00 
19 1 165.00 
20 2 80.00 
20 1 165.00 
24 2 80.00 
21 1 33.00 
23 1 33.00 
23 2 80.00 
22 1 165.00 
19 1 33.00 
18 1 33.00 
20 2 80.00 
24 1 165.00 
21 2 80.00 
15 2 80.00 
22 2 80.00 
23 1 165.00 
20 6 1.00 
16 4 165.00 
19 4 165.00 
18 4 165.00 
19 4 165.00 
18 5 80.00 
20 5 80.00 
17 4 165.00 
20 4 165.00 
m 
o 
(S 
o\ 
o> 
o\ 
o> 
o\ 
o O O O O o o o o o o O O o o o o o o o O o O o O o o O o o O O O o O O O O O O o 
o O O O o o o o o o o o O o o o o o o o o o O o o o o o o o O O O O O O o O O o o 
o O O O CO CO CO CO o o m CO CO CO CO o o tn m o o o o o o in m o o rH iH rH rH TH tH rH rH rH rH rH 
00 00 CO CO CO CO CO CO 00 00 vo NO CO CO CO CO 00 00 VO vO CO oo 00 oo 00 CO VO VO CO CO 
CO CO TH rH tH «H rH rH CO CO 
in U1 O O tn in m in m m lo m m m o o «H CO in VO OO ON O 
rH rH rH rH fH rH iH rH rH rH rH rH rH 
r—1 m rH U1 CO CNJ CO VO N CO O> 00 M o in VO rH m (N CN rH CO rH 00 rH r-> CO ON CM N \o CO m 
N CVJ *—1 CN rH N N CV| »H CN| iH rH N CM CSJ rH es CM N rH CS| CM rH CM rH 
CO CO CO CO 
O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O t -ICM^ J - C O i H i n O O O O  
en 
o 
cvj 
oooooooooooo 
oooooooooooo 
r H i - H o o m m o m o c o c o o  
CO <0 »H iH 
O O o o o O o o o o o o o O O o o O o o o o o o o o 
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204 
6 5 80 .00 
21 5 80 .00 
7 5 80 .00 
15 5 80 .00 
2 5 80 .00 
22 5 80 .00 
1 4 165 .00 
23 4 165 .00 
24 10 330 .00 
21 10 330 .00 
18 11 1 .00 
21 12 1 .00 
7 13 1 .00 
23 14 1 .00 
19 15 1 .00 
4 16 1 .00 
2 17 1 .00 
22 18 1 .00 
6 19 1 .00 
3 20 1 .00 99999 
4 5 2 4 5 
1 2 1 165.00 
2 3 1 33.00 
3 4 80.00 
3 8 1 330.00 
1 7 1 165.00 
6 7 80.00 
6 8 1 330.00 
7 8 1 33.00 
0 8 7 1.00 
0 1 3 165.00 
0 2 3 165.00 
0 2 3 33.00 
0 3 3 33.00 
0 3 4 80.00 
0 4 4 80.00 
0 3 3 330.00 
0 8 3 330.00 
0 6 3 330.00 
0 8 3 330.00 
0 6 4 80.00 
0 7 4 80.00 
0 1 3 165.00 
0 7 3 165.00 
0 4 5 165.00 
0 5 5 165.00 
0 4 6 165.00 
0 5 6 165.00 
0 7 3 33.00 
1 165.00 99999 
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29 0 
.999655 
.999062 
1 . 0  
8 3 33.00 99999 
.026247 
-.0433 
0 .  
.996891 -.078798 
.984249 .176786 
.999588 -.028701 
1HBUS3 
2L0AD11 
3L0AD10 
4L0AD9 
5L0AD8 
6L0AD12 
7L0AD14 
8L0AD13 
9REG18 
10REG16 
9 5 0.00000 0.02000 0.00000 0.04110 
10 1 0.00000 0.02000 0.00000 0.04110 
